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ABSTRACT 


The  overall  goal  of  the  program  is  the  development  m  an  instrum  nt  for 
determining  the  stress-strain  response  of  coated  fabrics  .-><  d  m  thi  «  onstri«  - 
tion  of  air- supported  tents. 

During  Phase  I  of  the  program  a  survey  of  the  scier.tun  iiu  rature  on 
biaxial  tensile  testers  was  carried  out.  The  purpose  of  the  survey  was  to 
examine  the  design  features  and  operating  techniques  of  prt.iously  constructed 
testers  and  to  note  design  innovations  and  shortcomings. 

A  theoretical  analysis  of  the  load-exter- sion  behavior  of  idealised  plain- 
weave  fabrics  subjected  to  l  iaxial  stresses  is  presented.  Fabru  strains  re¬ 
sulting  from  both  crimp  interchange  and  yarn  extension  are  considered.  The 
analytical  expressions  derived  have  been  solved  with  the  aid  of  a  digital  com¬ 
puter  for  both  linearly  elastic  and  eiasto-plastic  materials.  Time  effects,, 
although  net  explicitly  included,  are  discussed. 

Generalized  plots  of  the  results  are  given  for  the  two  extremes  of  initial 
fabric  structure:  (1)  equal  crimp  distribution  in  both  sets  of  yarns.  (2)  one 
set  of  yarns  straight  (noncrimped).  The  predicted  and  measured  response  of 
two  model  fabrics  are  compared. 

Two  typical  coated  fabrics  representing  approximately  the  extremes  in 
fabric  weight  and  strength  currently  of  interest  for  air- supported  tent  appli¬ 
cations  were  evaluated. 

The  design  of  an  improved  biax;*l  tensile  tester  is  outlined.  The  pro¬ 
posed  design  concept  utilizes  the  rer  s  of  the  literature  survey,,  model 
fabric  study  and  coated  fabric  evaluation. 
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BIAXIAL  TENSILE  TESTER  FOR  FABRICS 


I  INTRODUCTION 

A  survey  of  the  scientific  literature  wnich  describes  previous  work  with 
biaxial  tensile  testers  has  been  completed.  The  purpose  of  the  survey  was  to 
examine  the  design  features  and  operating  techniques  of  previously  constructed 
biaxial  tensile  testers  and  to  note  desirable  design  innovations  and  obvious 
shortcomings.  This  information  has  contributed  to  the  development  of  an  im¬ 
proved  testing-machine  design  concept  which  is  ideally  suited  for  the  proposed 
work  of  examining  the  biaxial  stress- strain  behavior  of  fabrics  used  in  con¬ 
struction  of  air-supported  tent  structures.. 


II.  TEST-INSTRUMENT  DESIGN  CRITERIA 

Performance  requirements  of  the  machine  are  listed  in  the  schedule  of 
the  contract,  and  are  reviewed  here  for  reference: 

A.  General  Requirements 

1.  Prime  consideration  shall  be  given  to  providing  a  reliable, 
rugged  tester  of  mini-num  weight  and  size  that  can  be  quickly 
and  simply  installed,  operated,  and  maintained  under  indoor 
textile  and/or  film  laboratory  conditions. 

2.  The  following  human  engineering  factors  shall  be  integrated 
into  t^e  device. 

a. :  Safety  in  operation  and  maintenance 

b. .  Simplicity  of  maintenance 

3.  Environmental  operating  conditions 

Range  68“-78Tdb  (dry  bulb; 

56’  -  68  *F  wb  (wet  bulb) 

Prime  consideration  is  to  be  given  for  operation  at 

7U*F  -  db 
62  'F  -  wb 

4.  The  instrument  shall  be  constructed  to  minimize  maintenance  and 
simplify  necessary  maintenance  by  the  application  of  the  following 
principles. 

a.  Provide  ready  access  to  controls,  lubrication  fittings, 
adjustment  controls,  major  components,  and  high- mor¬ 
tality  parts.:  Use  permanently  lubricated  bearings 
wherever  feasible. 


b.  Use  materials,  finishes  and  fabrication  techniques  that 
minimize  deterioration,  lubrication,  adjustments  and 
pai.iting 

5.  Electrical  components  shall  be  shielded  and  bonded  to  prevent 
radio  interference,  and  comply  with  test  provisions  of  Specifi¬ 
cation  MIL-I- 11748. 

6.  The  contractor  shall  promptly  inform  the  Contracting  Oliirer  of 
any  modifications  which  may  expedite  fabrication,  effect  econo¬ 
mies  or  improve  capabilities. 

B.  Detailed  Requirements 

1.  The  machine  shall  be  capable  of  applying  loads  on  a  fabric  i:s  two 
orthogonal  directions  simultaneously. 

2.  The  test  specimen  size  shall  be  appropriate  for  an  accurate  eval 
uation  of  the  biaxial  load -elongation  characteristics  of  woven 
fabrics  or  films  at  low  loads  as  well  as  at  rupture. 

3.  The  instrument  shall  have  a  load  range  of  10  !bs/inth  to  800  ibst 
inch. 

4.  Loading  may  be  accomplished  by  the  use  of  multiple  loading 
devices. 

5.  The  instrument  shall  be  capable  of  measuring  extensions  up  to 
50%, 

6.  The  ratio  of  the  loads  applied  to  the  test  specimen  in  the  ortho¬ 
gonal  directions  shall  be  adjustable.  Load  ratios  of  1  1  and  1  2 
are  essential.;  However,  an  effort  should  be  made  to  obtain  load 
ratios  greater  than  1:2. 

7.  The  instrument  should  be  capable  of  attaining  the  following  accu¬ 
racy  for  load  and  extension  measurements 

Load  application  ±  2.  5%  of  full  scale 

Extension  ^  0.:  25%  of  gauge  length 

8.  The  instrument  shal'  be  equipped  with  automatic  record. ng  devices 
which  will  record  load-elongation  data  in  two  directions 

Detailed  Requirements  1,  5  and  6  demand  a  flat  test  specimen,  strained  by 
the  relative  motions  of  two  sets  of  jaws.  They  also  rule  out  biaxial  testing 
schemes  based  on  mf’ated  cylinder  or  inflated  diaphragm-shaped  specime  s. 
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Flat,  orthogonally  loaded,  biaxial  tensile  specimens  can  provide  uniform 
force  fields  only  at  the  specimen  center,  with  nearly  uniaxial  forces  acting  in 
the  areas  adjacent  to  the  jau-s,  and  with  stress  concentrations  localised  in  the 
corners  generated  by  the  two  orthogonal  jaw  motions.  Although  this  latter 
effect  cannot  be  entirely  overcome,  it  can  be  minimized  by  using  cruciform 
test  specimens,  with  the  gripping  jaws  clamped  to  fabric  tails  extending  away 
from  the  square  biaxial  stress  field  at  the  center  of  the  specimen. 

Klein*  has  proposed  three  conditions  for  biaxial  tensile  testing  of  fahric 
specimens.  These  are: 

1.  Straining  must  be  such  that  a  controlled  biaxially  strained 
region  exists  at  the  specimen  center. 

2.  Strains  must  be  measured  in  this  region. 

3.  The  ratio  of  the  loads  in  the  X  and  Y  directions  m  at  be 
held  constant  at  some  predetermined  value  during  a  test. 

This  is  the  characterizing  parameter  of  the  test 

The  relationships  between  stress  and  strain  are,  of  course,  properties  of 
the  particular  specimen  undergoing  test.  In  a  uniaxial  tester  either  load  or 
extension  can  be  varied,  usually  at  a  constant  rate,  and  the  resulting  change  m 
the  other  varJable  measured.  A  biaxial  tester  must  be  capable  of  doing  this  in 
two  directions  simultaneously,  with  the  added  condition  that  the  loads  in  the  tvio 
directions  must  bear  a  fixed  ratio  to  one  another. 

This  latter  consideration  complicates  any  design  usinp  a  motor  and  gear 
train  jaw -drive  system,  because  even  with  a  constant  rate  of  jaw  motion  in  one 
direction,  the  complimentary  jaw  motion  can  be  very  complex,  depending  on 
the  test  specimen  properties.  It  is  much  simpler  to  use  a  force-balance  princi¬ 
pal,  and  directly  maintain  the  X  and  Y  load  ratio  by  a  leading  scheme  which  pro¬ 
grams  load  level  rather  than  jaw  displacements..  This  suggests  pneumatic  cyl¬ 
inder  load  applicators  with  which  output  forces  are  always  proportional  to 
cylinder  pressure  and  system  displacements  are  dependent  variables  whose 
magnitudes  are  functions  of  load  level  and  specimen  prope.-ties. 

Detailed  Requirement  G  can  be  met  with  a  ratio  pressure  control  relay.. 

This  will  allow  the  selection  and  pre-setting  of  a  fixed  ratio  between  the  X- 
direction  and  Y-direction  pressure  levels..  The  test  procedure  will  entail 
manually  controlling  excursion  in  the  X  direction  from  zero  tc  full  load;  the 
pressure  le  /el  in  the.  Y  direct: will  follow  at  the  constant  pre-set  fraction  of 
the  instantaneous  value  in  the  X  direction.; 
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Each  pair  of  opposing  jaw#  must  move  equally  ana  oppositely,  to  prevent 
inadvertent  skewing  of  the  specimen..  These  motions  can  be  conveniently  ob¬ 
tained  in  a  symmetrical  machine  design  which  employs  four  penumatu  cylin¬ 
ders.  one  at  each  end  of  the  specimen  tails.  Opposite  pairs  o  1  cylinders  are 
linked  hydraulically  to  insure  equal  jaw  motions.  (See  Figure  1.  ) 

Detailed  Requirement  3  requires  load  ranges  from  10  to  800  Ibs/inch  of 
specimen  width..  Since  the  low  end  of  this  range  requires  only  moderate 
operating  forces,  a  test  specimen  with  4-inch  wide  tails  is  suggested  to  pro-- 
vide  a  generous  central  area  for  strain  measurements  in  a  uniform  biax-ai 
field.  However,  if  the  upper  load  limit  of  800  1‘os/mch  is  applied  to  a  4- inch 
wide  specimen,  the  total  force  necessary  is  3200  lbs  This  would  require 
either  high  operating  pressures,  or  oversized  pneumatic  components  which, 
in  turn,  would  result  in  a  loss  of  sensitivity  at  the  lower  force  ranges..  We 
suggest  instead,  the  design  compromise  of  using  a  smaller  specimen  at  high 
force  levels  on  the  infrequent  occasions  when  a  very  high  strengih  specimen 
muot  be  extended  to  rupture.  A  iwo-inch  wide  specimen  at  800  1  os 'inch  re¬ 
quires  only  a  1600-lb  operating  force,  which  can  be  comfortably  achieved 
with  eificienrly  sized  pneumatic  components.  If  the  machine  fore e -appli c atior., 
and  force-measurement  systems  are  designed  for  a  maximum  pull  at  16CU  lbs., 
loads  up  to  400  Ibs/inch  could  be  applied  to  four-inch  wide  specimens.: 


III.  LITERATURE  SURVEY 

The  scientific  literature  pertaining  to  experimental  biaxial  stress-strain 
measurement  has  been  reviewed.;  The  following  citations  refer  to  machines 
applicable  to  the  testing  of  fabrics  oi  other  flat-sheet  specimens.  Apparatus 
for  measuring  combined  stresses  and  strains  in  rods  and  tubes  due  to  tension, 
torsion,  or  internal  inflation  pressure  do  not  readily  apply  to  the  general  flat- 
sheet  male  rial  biaxial- loading  problem  and  are  not  included  ir«  the  following 
evaluation. 

In  1953,  Reichart,  Woo  and  Montgomery^  reported  on  a  biaxial  tester  for 
fabrics.  This  apparatus  was  an  adaptation  of  a  standard,  uniaxial,  vertical 
tensile-testing  machine  which  was  fitted  with  supplementary  horizontal  jawr. 
These  jaws  were  linked  to  the  lower  traveling  jaw  with  tension  rods  and  in¬ 
clined  wedges.  Movement  of  the  crosshead  would  result  in  a  secondary  trans¬ 
verse  motion  of  the  supplementary  jaws  at  a  fraction  of  the  crosshead  soe<-' 
determined  by  the  selection  of  the  angle  of  the  inclined  plane  Loads  were 
sensed  with  resistance  load  cells. 

Checkland,  Bull  and  Bacher^.  reported  or.  a  biaxial  fabric  tester  which 
utilized  a  large  four-jaw  chuck  as  the  mechanism  for  producing  related  bi¬ 
axial  jaw  motions.  This  machine  could  provide  only  a  1:1  ratio  of  X  and  Y 
extensions.  Forces  were  sensed  with  strain  gauge  load  cells  linked  io  the 
jaws,  and  strain  information  was  obtained  from  successive  photographs  taken, 
during  the  loading  eycle. 
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In  1959,  Klein*  reported  on  a  machine  which  met  ail  the  theoretical  require¬ 
ments  for  biaxial  tensile  testing.  These  included: 

a. .  Controlled  biaxial  straining  at  the  center  region  of  the  specimen.. 

b.  Measurement  of  strains  in  this  region.. 

c.  Constant,  pre-set  ratio  of  X-  and  Y-direction  loaa  levels. 

d.  Cruciform  specimen. 

e.  Capability  for  other  than  all  ratio  of  X  and  Y  loads. 

f.  Autographic  read-out  of  load  and  strain  signals. 

Operation  of  this  device  allowed  jaw  motion  in  one  d.recticn,,  ex,  «o  proceed 
at  a  predetermined  constant  rate  while  the  jaw  motion  in  the  other  direction  was 
controlled  so  that  the  load  levels  were  maintained  at  a  constant  ratio  This  can 
be  described  as  a  clcsed-loop  automatic  control  system,  with  combined  cascade 
and  ratio  control  features. 

Operating  difficulties  with  this  system  stemmed  from  the  fact  that  the  fabric 
extensions  and  applied  loads  were  measured  and  transduced  as  low-- voltage  elec¬ 
trical  signals  After  amplification  and  comparison  of  the  signals,  the  overall 
system  signaJ-to-noise  ratio  was  not  high  enough  to  permit  constant  stable  oper¬ 
ation,  and  the  charted  machine  output  data  was  often  erratic  and  unreliable. 

M5nch  -nd  Galstei^  show  that  a  cruciform,  flat  specimen  shape  with  longi¬ 
tudinal  slits  .n  the  tail  sections  can  improve  the  uniformity  of  the  b,axiai  force 
field  at  the  specimen  center. 

San  Miguel^  built  a  biaxial  machine  for  testing  flat  sheets  of  solid  propel¬ 
lant  r'l'-I.et  fuel.  This  was  a  controlled-extension  system  with  a  built-in 
capacity  for  transverse  stretching  of  the  pin-type  g rips  to  compensate  fer  speci¬ 
men  deformation  at  high  strains.. 

Davidson^,  describes  a  hi  xial  tensile  tester  for  fabrics  which  employs  a 
cruciform  specimen.  Loadin',  is  accomplished  with  a  single  hydraulic  cylinder.; 
a  series  of  variable  length  l*7  /er  arms  and  whiffle -trees  serving  to  distribute 
force  outputs  to  the  four  spe  'imen  jaws  in  a  pre-selected  fixed  ratio.  A  note¬ 
worthy  feature  of  this  machine  is  the  capability  for  programming  shear  loads 
to  the  specimen  jaw’s,  as  v  ell  as  direct  tension  loads.:  Force  is  measured  with 
a  spring-scale  dynamometer  linked  to  the  main  hydraulic  cylinder,  and  strain 
measurements  are  obtaineo  from  successive  photographs  of  this  test  specimen 
at  specified  load  intervals. 

This  instrument  is.  now  installed  at  FRL®  and  was  used  in  obtaining  the 
experimental  data  presented  in  the  .Appendices. 
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Seshadri,  Brown,  Backer,  Krizik  and  Mellen^  utilized  a  biaxial  fabrit 
tensile  tester  at  MIT  to  further  their  work  on  parachute  fabric  5.  i  hi  >.  mat  him 
is  an  accessory  added  to  a  standard  floor-model  Instron  tensile  tt  r  It 
consists  of  a  frame  which  ia  driven  up  and  down  by  two  vertical  lead  s<  rows 
linked  with  drive  chains  to  the  Instron  crosshead  drive  and  geared  to  produce  a 
motion  equal  to  one  half  of  the  crosshead  motion.  This  frame  carrn  s  <  lamp- 
type  flat  jaws  which  are  separated  manually  by  means  of  horizontal  ii  -id 
driven  by  a  handwheel  and  gear  train.  Any  desired  load  level  can  bt  apph*  d  m 
the  horizontal  direction  while  the  specimen  is  strained  by  the  Instron  <  rosshead 
in  the  vertical  direction.  The  chain  linkage  to  the  auxiliary  loading  frame  keeps 
the  cruciform  specimen  centered  and  prevents  unwanted  shear  deformations.. 
Loads  are  sensed  by  resistance  strain-gauge  load  cells  and  recorded  t>y  means 
of  strip  chert  recorders. 

The  principal  operating  difficulty  with  this  device  has  beer,  the  inability  to 
co-ordinate  X-  and  Y-direction  lead  programs.  In  one  operating  mode,  the 
Instron  jaws  are  operated  at  a  constant  rate  to  provide  a  uniform  rate  of  jaw- 
separation  in  one  direction  while  an  operator  manipulates  the  horizontal  loading 
screw  in  an  effort  to  maintain  a  continuously  balanced  ratio  of  the  changing  X- 
and  Y-load  levels.  Other  loading  modes  are  possible  at  specified  load  incre¬ 
ments.  The  jaws  along  one  axis  can  be  separated  to  provide  an  incremental 
load  increase  a:-d  this  jaw  position  maintained  while  the  load  along  the  other 
axis  is  increased  by  an  appropriate  increment.  Specimen  behavior  observed 
with  this  kind  of  incremental  loading  is  not  the  same  >s  that  observed  during 
continuous  loading.  This  substantiates  the  contention  that  a  valid  biaxial  test 
procedure  must  provide  for  co-ordinated  load  programming  along  both  axes. 

g 

McClaren  and  Best  describe  a  biaxial  tensile-test  machine  usid  in  their 
work  on  fatigue  of  metallic  materials  in  a  multi-axial  stress  field.  This  ma¬ 
chine  applied  loads  to  the  tails  of  a  cross-shaped  metallic  sheet  specimen 
The  machine  was  another  example  of  an  adaptation  of  a  standard  vertical  test¬ 
ing  machine  with  a  supplementary  transverse  loading  frame.  The  interesting 
feature  here  is  that  the  transverse  loading  frame  is  suspended  fre-.u  cables 
with  counterweights  and  is  free  to  move  vertically  as  required  to  maintain 
symmetry  of  loading  without  unwanted  shear  loads  applied  to  the  specimen. 

9 

Becker  has  demonstrated  another  system  »or  adapting  a  standard  uni¬ 
axial  testing  machine  for  biaxial  deformations.  This  device  employs  two 
right-angle  g-  ie  beams  which  are  interlocked  with  sliding  joints  so  u.at  thoy 
form  an  expanuable  rectilinear  frame.,  A  sheet  specimen  is  linked  to  the 
inside  edge  of  this  frame  with  a  series  of  pins  and  clamping  jaws.  The  entire 
frame  is  mounted  in  the  tensile  tester  and  oriented  with  me  test  machine  axis 
at  a  pre-dete rrmned  angle  to  the  specimen  and  guide  beams.  Varying  this 
angle  provides  an  operating  parameter  for  proportioning  strains  in  the  X  and 
Y  directions  of  the  specimen.  Horizontal  and  vertical  lead  components  are 
sensed  with  commercial  strain-gauge  load  cells  providing  data  for  calculation 
of  principal  specimen  loads.  Specimen  strains  are  measured  w  ith  a 
cathetometer  aimed  at  target  figures  imprinted  on  the  specimen 
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TV.  MECHANICAL  DESIGN  FEATURES 

A.  Specimen 

The  machine  is  designed  no  accommodate  flat  specimens  of  fabric,  r»heet, 
or  film.  Specimens  are  cross-shaped  to  provide  a  biaxial  force  field  at 
the  center.  The  extended  tails  are  connected  to  the  four  orthogonally  aligned 
jaws.  Hie  instrument  is  capable  of  accommodating  specimen  widths  up  to 
four  inches. 

B.  Jaws 

Flat  jaws  are  used  with  most  specimens  since  no  difficulty  will  be 
experienced  with  specimens  failing  at  the  jaw,  a  condition  prevalent  when 
this  kind  of  jew  is  used  ir.  uniaxial  tensile  testing.  This  confidence 
stems  from  the  fact  that  the  biaxial  loading  mode  will  produce  higher 
localized  stresses  in  the  biaxial  stress  zone  than  the  generally  uniaxial 
stress  levels  which  will  occur  near  the  jaws. 

A  specimen  loading  fixture  is  provided  to  aid  in  centering  the  specimen 
in  the  four  jaws.  This  fixture  accurately  locates  and  positions  the  four 
jaws  relative  to  each  other  so  that  the  specimen  can  be  lined  up  and  clamped 
in  each  jaw  successively  without  disturbing  the  alignment  of  the  other  jaws. 

When  all  four  jaws  are  securtly  clamped,  the  entire  assembly  of  jaws  and 
specimen:;  is  secured  into  the  machine  loading  frame  without  distorting  the 
specimen.  The  alignment  fixture  is  removed  before  the  tensile  test  loads  are 
applied . 

Linkage  between  the  jaws  and  the  load  application  system  are  of  two 
separate  types.  One  of  these  is  a  pivoted  link  which  permits  the  specimen 
tails  to  skew  as  required  to  balance  any  variations  in  yarn  tensions  across 
the  fabric.  Hie  alternate  linkage  system  is  a  rigid  connection  of  the  jaws 
to  the  force  cylinders  such  that  opposing  jaw  edges  are  always  parallel  and 
perpendicular  to  their  complementary  jaws  on  the  other  axis. 

When  a  cruciform  specimen  is  strained  Max.  ally,  the  througbgoing  varns 
at  the  outer  edges  of  the  specimen  tails  are  elongated  more  than  than  the  through- 
going  yarns  at  the  centers  of  the  specimen  tails.  This  effect  increases  with 
increasing  elongation  and,  of  course,  tends  to  distort  the  otherwise  uniform 
biaxial  stress  field  at  the  center  of  the  specimen  producing  high  localized 
stresses  in  the  specimen  comers.  Hie  effect  is  minimized  by  extending  the 
length  of  the  specimen  tails  to  lessen  the  divergence  angle  of  the  throughgoing 
yarns  from  the  jaw  to  the  specimen  center.  The  effect  is  further  diminished 
by  removing  cross  yarns  from  the  specimen  tail  area  or  by  carefully  cutting 
slits  parallel  to  the  direction  of  pull  ir.  these  calls. 
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The  flat  jaws  are  fabricated  from  high  strength  materials  and  can 
accommodate  any  of  several  different  hi#i-friction  jaw  faring  materials  in¬ 
cluding  serrated,  hardened  metal  and  leather  jaw  fares.  The  clamping  arrange¬ 
ment  for  the  jaws  features  adjustable  clamping  screws  to  aid  initially  in 
positioning  the  specimen  and  a  wedge  action  linkage  which  will  increase  the 
clamping  force  as  the  load  increases. 

C.  Load  Application  System 

Tension  loads  are  generated  by  four  identical  pneumatic  cylinders 
located  along  the  X  and  Y  Jaw  axes.  They  are  double-rod-end  cylinders 
with  equal  volumetric  displacements  and  equal  effective  piston  areas  on 
both  sides  of  the  piston  for  motion  in  both  directions.  This  permits  a 
simple  scheme  for  synchronizing  the  motion  of  opposing  pairs  of  cylinders 
by  displacing  hydraulic  fluid  from  behind  the  piston  of  one  to  the  front 
end  of  the  piston  in  the  other  as  shown  in  Figure  1.  This  transfer  of 
fluid  is  accomplished  through  a  line  with  a  variable  restriction,  or 
throttling,  valve  so  that  the  rate  of  flow  can  be  controlled.  This  control 
of  fluid  flow  prevents  any  surging  or  stick-slip  motion  which  might  otherwise 
be  manifested  in  the  pneumatically  driven  system;  it  also  provides  a  means  for 
limiting  the  rate  of  travel  of  the  testing-machine  jaws.  Compressed  gas  for 
system  operation  is  furnished  either  from  a  compressed  air  system  or  from 
bottled  nitrogen  gas  supplied  through  a  suitable  pressure  reducing  regulator 
valve.  The  standard  pneumatic  cylinders  are  shown  in  Figure  2. 

A  force -balancing  "hype  of  ratio  relay  is  the  instrument  which  regu¬ 
lates  the  relative  slur  pressure  in  the  two  separate  loading  axes  of  the 
macnine.  This  relay  is  the  heart  cf  the  system  design  providing  the  means 
for  setting  and  maintaining  constant  ratios  between  the  X-axis  load  and  the 
Y-axis  load  levels. 

D.  Load  Sensors 


Measurement  of  the  pulling  load  at  the  specimen  jaws  is  accomplished 
with  electronic  load  cells.  These  are  standard  commercial  force  transducers 
with  electronic  resistance  strain  gauges  arranged  in  a  f our-arm  Wheatstone 
Bridge  circuit.  Exictation  voltage  is  supplied  from  batteries.  Two  load 
cells  will  also  be  provided  for  installation  at  opposite  ends  of  the 
specimen  to  maintain  the  mechanical  symmetry  of  the  machine  design. 


10 


FIGURE  2.  TEST  INSTRUMENT  LAYOUT 


E 


Strain  Sensors 


Accurate  measurement  of  strain  in  textile  tensile  specimens,  which  is 
always  difficult,  is  doubly  so  for  the  case  of  biaxial  testing.  In  uniaxial 
testing  strain  measurements  are  often  derived  from  jaw  speeration  measure¬ 
ments  with  corrections  wherever  necessary  for  slippage  in  capstan  jaws,  etc. 

With  a  cruciform  test  specimen  jaw  separation  measurements  are  not  accurate 
indications  of  dimensional  changes  in  the  biaxially  stressed  zone,  therefore, 
strain  measurements  must  be  made  directly  or  finite  gauge  lengths  located 
entirely  within  the  biaxially  stresred  zt"  ...  Our  literature  survey  revealed 
that  the  most  popular  scheme  for  cot  a*  nmg  such  measurements  has  been  a 
systan  for  photographing  a  tvo-dimer.si cnai  gauge  length  target  on  the  specimen 
at  a  number  of  load  increments  and  later  measuring  the  changes  in  specimen 
geometry  recorded  in  the  photographs.  This  provides  accurate  data  with  all 
kinds  of  specimens  without  the  need  for  necher*'-*!  connections  to  the  specimen 
or  the  involvement  of  any  mechanisms  which  would  possibly  affect  the  specimen 
response.  It  is  handicapped  by  a  more  involved  data  reduction  procedure  without, 
the  convenience  of  autographic  recording  of  load  and  elongation  relationships. 
Ihe  machine  includes  a  camera  and  mounting  equipment  necessary  for  photographic 
elongation  measurement. 

The  second  scheme  used  is  the  direct  attachment  of  mechanical  links  so  the 
specimen  gauge  marks;  dimensional  changes  are  measured  with  suitable  position- 
sensitive  transducers.  Position  transducers  having  built-in  electronic  carrier 
wave  and  demodulating  circuits  and  providing  a  d.c.  voltage  output  for  ccnne  .ig 
directly  to  a  recorder  read-out  instrument  without  other  signal  conditioning, 
circuitry  are  used.  Mechanical  connection  of  the  transducer  probes  to  the 
specimen  is  made  *-•  j ti  needle  points  perforating  the  fabric  at  the  gauge  marks. 
(Obviously,  this  jCheae  will  not  be  satisfactory  with  film  specimens,  or  some 
kinds  of  coated  fabrics,  where  the  needle  perforations  would  initiate  stress 
concentrations.  For  these  specimens  the  photographic  strain-measurement 
technique  would  be  utilized.) 


?.  Data  .presentation 


Electrical  signals  from  the  two  strain-gauge  load  cells  ar.c  from  the 
two  strain  transducers  are  fed  to  the  input  stages  of  a  four-channel, 
electronic,  strip-chart  recording  system  (Varian  potentiometer  type  recorder.) 
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Instruments  and  controls  are  mounted  on  heavy-gauge  aluminum  panels 
supported  in  a  standard  relay  rack  enclosure  as  shown  in  Figure  3*  Hiis 
control  station  connects  to  the  machine  frame  with  ten-foot  long  air  hopes 
and  electrical  cables  with  suitable  connectors  so  that  the  control  stand 
is  conveniently  oriented  to  the  machine  frame. 

All  other  components  of  the  test  apparatus  Eire  mounted  on  the  machine 
frame  (see  Figure  2).  Ihis  is  a  welded  steel  structure,  of  table-top  heigjrt, 
designed  to  support  and  align  the  force  cylinders,  specimen  jaws,  and  associ¬ 
ated  parts .  All  hydraulic  elements  and  piping  are  self-contained  on  the 
machine  stand  to  eliminate  liquid-line  connections  to  the  control  stand  and 
thereby  minimize  problems  of  leakage,  air  bleeding,  etc.  Pneumatic  hoses 
which  are  connected  to  the  contrcl  stand  car.  readily  be  removed  or  re¬ 
connected  with  no  interference  with  the  machine  operation. 

General  arrangement  provides  easy  access  for  adjustments.  Materials  and 
finishes  were  selected  for  durability  and  compliance  with  the  general  require¬ 
ments  of  the  specifications. 

Hie  test  instrument  is  shown  in  Figure  4,  while  Figure  5  is  a  photograph 
of  the  control  panel 
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FIGURE  3.  CONTPOL  PANEL  LAYOUT. 


ifcv. 
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APPENDIX  I 


STRESS-STRAIN  RESPONSE  OF  FABRICS  UNDER 
TWO-DIMENSIONAL  LOADING 

LIST  OF  SYMBOLS 

The  symbols  used  in  the  analysis  are: 

A  =  yarn  cross-sectional  area 

y 

Ej.  -  fiber  modulus  of  elasticity 

-  maximum  dr-t  :nce  perpendicular  to  the  la'iric  plane  between  cross- 
section  centers  of  warp  yarns  before  appiuation  of  loads,  .  e.  ,,  the 
distance  pe  rn<-nd  icula  r  to  the  fabric  plane  between  warp  yarn  cross- 
section  cent*  rs  at  two  successive  yarn  crossovers 

tr  same  distance  as  h  but  measured  alter  application  of  loads 

2w  1  w 

h  .  -  maximum  distance  perpendicular  to  the  fabric  plane  between  cross- 
section  centers  of  filling  yarns  before  application  of  loads 

Ik  -  same  distance  as  h.,  but  measured  after  application  of  loads 
2f  if  '  K 

L  ,,  Lj  -  length  of  warp  yarn  between  adjacent  filling  yarn  centers  before 
application  of  loads 

L^  '  length  of  warp  yarn  between  adjacent  filling  yarn  centers  after 
application  of  loads 

Lf.  Lif  length  of  filling  yarn  between  adjacent  warp  varn  centers  before 
application  of  loads 

L  :  length  of  filling  yarn  between  adjacent  warp  yarn  centers  after 
application  of  loads 

L,  L(  ;  length  of  yarn  between  adjacent  yarn  centers  before  application  of 
loads 

L^  -  length  of  yarn  between  adjacent  yarn  centers  after  application  of 
loads 

N  -  number  of  warp  yarns  per  unit  width  of  fabric  before  application  of 
W  loads 


N_  -  number  of  warp  yarns  per  unit  width  of  fabric  after  application  of 
loads 
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N  =  number  of  filling  yarns  pc*  unit  length  of  fabric  before  application  of  loada 


N  =  number  of  filling  yarns  per  unit  length  of  fabric  after  application  of  loada 

Mi 

Nj  =  number  of  yarns  pe'  unit  width  of  fabric  before  application  of  loada 
=  number  of  yam;  ;>er  unit  width  of  fabric  after  application  of  loads 
n^  =  number  of  fibers  it.  yarn 

p  -  yarn  packing  factor;  ratio  of  the  solid  material  contained  in  the  yarn 

cross  section  to  the  area  of  the  circumscribed  circle  enclosing  the  cross 
2 

nf'Trf 
section  = - r 

!TR2 

y 

P  total  axial  tensile  load  on  a  yarn 

P  •••  total  axial  tensile  load  on  a  warp  yarn 
w 

-  total  axial  tensile  load  on  a  filling  yarn 
r  =  radial  polar  coordinate 
r^.  =  fiber  radius 
R,  R  -  yarn  radius 

y 

Rj^.=  warp  yarn  radius  before  application  of  loads 

R  =  warp  yarn  radius  after  application  of  loads 
Zw 

R^  =  filling  yarn  radius  before  application  of  loads 
R_^  -  filling  yarn  radius  after  application  of  loads 
T  =  yarn  tv/ist  in  turns  per  unit  length 


<S  -  slope  of  post-yield  region  of  the  fiber  tensile  stress-strain  diagram 

.  .  2  .  2 
3  sin  0  -  in  sec  6 

•’[— ^-r — EJ 


C  r  tensile  strain  in  a  fiber:  f~actional  fabric  extension 


Cy  =  fractional  yarn  axial  extension 
€*  =  tensile  yield  strain  in  a  fiber 
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i r.».  tional  fabric  extension  in  the  warp  dire<  non,  e 


Nlf  ’  N2f 


trait  tonal  fabric  extension  in  the  tilling  direction, 


Nlw  -  N2w 


f  N. 


helix  angle  of  .1  filament  located  at  the  radial  position  r  in  ihe  yarn 
.  ros  s  se<  '  ion 

-  angle  between  the  warn  yarns  and  the  fabric  plane  at  the  midpoint 
between  yarn  c'ros sec  e  r s  before  application  of  loads;  one-half  the 
angle  ov-er  which  the  warp  yar>-  «n  contact  with  the  filling  yarn  at 
yarn  c  rossocers,  before  application  of  loads  to  the  fabric 

a *1  g le  between  the  warp  yarns  and  the  fabric  plane  at  the  midpoint 
between  yarn  c  rossocers  afte  r  application  01  loads,  one-half  the 
ang'e  o\er  which  thewarp  yarn  is  m  contact  with  the  filling  yarn  at 
cam  c  rossovers,,  after  aoDlication  of  loads 

-  angle  between  the  filling  yarns  and  the  fabric  plane  at  the  midpoint 
between  yarn  crossovers  before  application  of  loads;  one-half  the 
angle  over  which  the  filling  yarn  is  in  contact  with  the  warp  yarn  at 
yarn  crossovers  before  application  of  loads  to  the  fabric 

angle  between  the  filling  yarns  and  the  fabric  plane  at  the  midpoint 
between  yarn  crossovers  after  application  cf  loads,  one-half  the 
angle  over  which  the  filling  yarn  is  in  contact  with  the  warp  yarn  at 
vam  c  rossocers.  after  application  of  loads 

:  angle  between  the  yarns  and  the  fabric  plane  at  the  midpoint  between 
yarn  crossovers  before  application  of  loads 

-  angle  between  the  yarns  and  the  fabric  plane  at  the  midpoint  between 
yarn  crossovers  after  application  of  loads 

-  surface  helix  angle  of  a  twisted  yarn 

-  external  load  on  the  fabric  per  unit  width  of  fabric,  tensile  stress 
acting  on  a  fiber 

-  fiber  tensile  yield  stress 

-  external  load  on  the  fabric  warp  yarns  per  unit  width  in  the  filling 
direction 

*  external  load  on  the  fabric  filling  yarns  per  unit  width  in  the  warp 
direction 


effective  fabric  Poisson  s  ratio 


-v  -  yarn  Poisson's  ratio 
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INTRODUCTION 


The  ter.^ile  properties  of  fabrics  are  usually  given  in  terms  of  toads  and 
deformations  applied  and  measured  along  only  one  axis.  For  many  applica¬ 
tions  this  data  is  adequate,  it  gives  an  index  of  relative  strength.  However, 
rarely  are  truly  uniaxial  loads  imposed  upon  fabrics  in  the  numerous  applica¬ 
tions  in  which  they  find  use.  In  most  instances  loads  are  imposed  simultane¬ 
ously  in  more  than  one  direction;  e.  g.  ,  the  deformations  at  the  knee  or  elbow 
of  a  garment,  the  canopy  of  a  parachute,  the  walls  of  inflated  structures,  etc. 

The  efficient  use  of  fabrics  in  these  structures  requires  the  development 
of  precise  design  formulas.  Additionally,  as  fabrics  find  more  widespread 
use  in  complex  military,  aerospace,  and  industrial  system",  stringent  speci¬ 
fications  on  the  biaxial  stress -strain  response  of  fabrics  will  have  to  be  estab¬ 
lished.  However,  before  design  formulas  and  specifications  can  be  written, 
a  more  thorough  knowledge  and  understanding  of  the  two-dimensional  load- 
extension  characteristics  of  fabrics  than  is  presently  available  is  required. 


Although  the  siress-strain  response  of  fabrics  under  two-d imens igna^ 
loading  has  received  the  attention  of  previou.-  researchers.  ’  ''  *  ’ 
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analytical  expressions  that  engineers  can  readily  use  have  yet  to  be  developed. 
The  results  reported  herein  are  an  initial  attempt  to  fulfill  this  need..  It  is 
anticipated  that  further  analysis,  some  of  the  basic  work  for  which  has  been 
completed,  will  extend  the  practical  and  theoretical  utility  of  the  results.. 


In  most  fabric  applications  deformations  out  of  the  plane  of  the  fabric  are 
encountered  and  are  the  cause  of  the  stresses  in  the  fabric..  However,  these 
stresses  can  be  considered  membrane-type  stresses,  i.  e.  ,  stresses  acting  in 
the  plane  of  the  fabric.  It  is  therefore  not  necessary  to  consider  explicitly  out 
of  plane  deformations  of  the  fabric  center  layer.-  0,.,y  loads  and  deformations 
applied  and  measured  in  the  fabric  plane  have  to  be  considered  in  determining 
the  stress-strain  response  appropriate  for  most  fabric  applications.  Since 
fabrics,  in  general,  possess  only  two  principal  directions  and  the  stresses  in 
most  fabric  st .ucture?  can  be  resolved  into  two  orthogonal  components,  only 
loads  and  deformations  simultaneously  applied  to  and  measured  along  two 
orthogonal  axes  are  considered  in  this  initial  work.  Lo?ds  or  strains  applied 
simultaneously  along  two  axes  are  usually  referred  to  as  biaxial. 


The  stress- strain  response  of  fabrics  under  biaxial  loading  is  strongly 
dependent  on  the  ratio  of  the  toads  in  the  two  directions.  The  appropriate 
ratio  depends  on  the  fabric  application.  In  inflated  spherically-shaped 
structures,  the  nominal  loading  ratio  is  1:1;  in  inflated  cylind rically- shaped 
structures,  2:1.;  Other  structural  shapes  may  impose  higher  ratios  of  loads. 


Although  it  is  possible  to  reduce  the  load-deformation  analysis  of  a  knitted 
fabric  to  a  two-dimensional  problem,  '  ’  '  this  is  not  possible  in  the  case  of 

a  woven  fabric.  The  woven  fabric  model  comparable  to  the  two-dimensional 
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knitted  fabric  model  is  a  planar  array  of  crossed  rods,  each  rod  under  uniaxial 
tension,  Such  a  model  would  neglect  crimp  interchange,  the  major  mechanism 
of  fabric  extension  at  low-to-moderate  loads. 

The  complete  deformation  analysis  of  a  biaxially-stressed  woven  fabric 
involves  the  use  of  a  large  number  of  parameters  and  the  consideration  of 
many  deformation  mechanisms.  For  example,  eleven  parameters  are  required 
to  define  the  geometry  of  a  plain-weave  fabric  and  four  to  express  the  orthogonal 
components  o*  stress  and  strain!  '  The  consideration  of  yarn  structure  and 
filament  properties  necessitates  the  introduction  of  more  parameters. 

The  mechanisms  involved  in  the  deformation  of  a  biaxially-stressed  fabric 
include: 

1.  crimp  interchange 

2.  change  in  angle  between  yarns  (thread  shear) 

3.  yarn  bending 

4.  yarn  flattening 

5.  yarn  extension 

6.  friction  between  filaments;  friction  between  yarns  at  ciossovers 

7.  yarn  nesting  at  yarn  crossovers 

8.  yarn  swelling 

9.  yarn  and  fabric  rupture. 

Tht  loading  sequence,  loading  rate,  and  load  distribution  (uniformity  of 
stress  distribution)  also  influence  the  deformation  o'  a  fabric. 

An  analysis  of  a  biaxially-stressed  woven  fabric  that  includes  all  of  the 
parameters,  deformation  mechanisms  and  their  interrelationships,  if  it  were 
possib  to  obtain,  would  no  doubt  be  so  unwieldy  that  it  would  be  of  no  practi¬ 
cal  use  to  a  design  engineer.  Rather  than  consider  all  of  the  interrelationships, 
an  attempt  has  been  made  to  understand  separately  some  of  the  various  mech¬ 
anisms  affecting  fabric  performance.  It  is  assumed  that  an  understanding  of 
the  separate  phenomena  will  ultimately  lead  to  a  complete  understanding  of  the 
stress-strain  response  of  fabrics  under  two-dimensional  loading.: 

A  theoretical  analysis  of  the  load-elongation  behavior  of  idealized  plain- 
weave  fabrics  subjected  to  biaxial  stresses  is  presented.  Fabric  strains 
resulting  from  both  crimp  interchange  and  yarn  extension  are  considered.  The 
analytical  expressions  derived  have  been  solved  with  the  aid  of  a  digital  com¬ 
puter  for  inextensible,  linearly  elastic  and  ela sto-plastic  materials.  Results 
are  obtained  for  yarn  extension  at  constant  radius  and  at  constant  volume. 
Generalized  plots  of  the  results  are  presented  for  the  two  extremes  of  initially 
square  iabric  structure:  (1)  equal  crimp  distribution  in  both  sets  of  yarns, 

(2)  one  set  of  yarns  straight  (none  rimped).  These  plots  give  the  fabric  exten¬ 
sion  in  both  the  warp  and  filling  directions  as  a  function  of  the  loads  applied 
along  the  warp  and  filling  axes,  the  product  of  the  yarn  radius  and  number  of 
yarns  per  unit  width  in  the  unloaded  fabric,  the  yarn  construction  and  the  filament 
tensile  properties. 
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Fabric  Model 


The  initial  geometric  fabric  model  used  duplicates  that  described  by  Peirce, 
it  assumes  a  structure  composed  of  circular  yarns  which  do  not  flatten  or  slip  at 
yarn  crossovers  during  fabric  extension.;  This  reduces  the  required  number  of 
geometric  parameters  to  six-  warp  and  filling  yarn  diameters,  number  of  warp 
and  filling  yarns  per  unit  width  of  fabric;  angle  between  warp  and  tilling  yarns 
and  the  fabric  plane  a*  the  mid-point  between  yarn  crossovers.  The  complete 
list  of  assumptions  and  limitations  imposed  in  the  analyses  are: 

1.  The  fabric  is  a  plain  weave. 

2.  The  yarns  are  uniform  along  their  length,  circular  and  do  not  flatten 
during  application  of  loads  to  the  fabric. 

3.  The  fibers  in  the  yarn  are  circular  in  cross  section  and  their  radii 
are  negligibly  small  compared  to  the  yarn  radius. 

4.  The  fibers  fall  into  a  rotationally  symmetric  array  in  cross- 
sectional  view  about  the  center  of  the  yarn.  Each  fiber  forms  a 
perfect  cylindrical  helix  about  the  yarn  center  line. 

5.  The  fibers  are  homogeneous  and  linearly  elastic  for  tensile  stresses 
below  the  yield  stress. 

6.  The  elastic  limit  of  the  fibers  in  tension  is  sharply  defined  and  the 
material  exhibits  linear  work-hardening  beyond  the  yield., 

7.  The  influences  of  strain-rate,  creep  and  stress  relaxation  on  the 
response  of  the  fibers  is  negligible. 

8.  The  warp  yarns  are  initially  perpendicular  to  the  filling  yarns  and 
remain  so  during  loading. 

9.  Orthogonal  yarns  remain  in  contact  during  the  loading  cycle;  there 
is  no  yarn  slippage  at  yarn  crossovers., 

10.  The  radius  of  curvature  of  the  yarn  is  equal  to  the  sum  of  the  yarn 
radii  in  the  regions  of  yarn  contact  and  equal  to  infinity  between 
yarn  crossovers. 

11.  The  yarns  are  infinitely  flexible  (i.  e.  ,  the  yarns  do  not  support  any 
bending  moments,  El  -  0)  and  therefore  support  only  tensile  loads. 

12.  .  The  intrinsic  tensile  response  of  the  bent  yarn  is  the  same  as  that 

of  the  yarn  when  straight. 

13.  The  fabric  is  loaded  in  its  plane.  The  loads  are  uniformly  distributed 
along  the  fabric  edges.;  The  load  on  the  edges  parallel  to  the  filling 
yarns  is  parallel  to  the  warp  yarns,  and  the  load  on  the  edges  parallel 
to  the  warp  yarns  is  parallel  to  the  filling  yarns. 


(9) 
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The  geometry  of  the  fabric  model  corresponding  to  the  above  assumptions 
is  illustrated  ir*  Figure  1.  Using  the  symbols  shown  in  Figure  1  and  further 
defined  in  the  List  of  Symbols,  it  can  be  shown  that  for  this  fabric  geometry, 
before  loading: 

n~  *  CL,f '  2(R„  *  V>  hr cos  *  2iRir  *  R,J  *in  ®if  ' 

lw 


717  *  :l„  -  2<Rir  -  V  *lw  •  «*U  s.w* ,in 


h,(  ,  ;l,  -  2(R.  -R  )  e, 5U1  6,  -  2(R  •  R  Ml  -  CO,  6  )  (3) 

if  If  if  lwJf  If  If  lW  If 

h.  =  rL,  -  2(R  ♦  R.  )  ?.  I  sir.  £  -  2(R  ~  R  )(l-cos»  )  (4) 

1 W  '  1  w  If  1  w  1  w  1  w  If  1  w  1  w 

h,  *  h  =  2<R  -  R  )  (5) 

lw  If  If  lw 

(The  validity  of  the  relationship  given  in  F -juation  (5)  is  seen  more  easily  when 
the  expression  is  written  in  the  following  form: 

h,  -  R  *  R  •  h  *  R  *  F  ;  see  Figure  1) 
lw  w  f  If  f  w 

and  after  loading: 

N~~  *  -L2f  "  2(Rzr  *  R2w'  hr  c“s  s>.<  *  2,R2f  *  RzJ  ““  '2f  (6> 

2w 

77  *  -  -'R2,  •  R2„'  C2w1c"  %w  ‘  2,R2f  -  R2W»  ,7) 

h2f  *  '  L2f  -  2<E2f  ‘  R2w>  hr  Si"  *21  *  2,R2(  *  R2w>  “  '  «*  V  W 

h,  =  [L  -  2(R  *  R  )•  j  sin  1  *  2(R  +  R,  )  (I  -  co«  8,  )  (9) 

2w  2w  2:  Zw  iw  <tw  Zf  Zw  Zw 


h2»  *  h2f  =  2<R2f  ‘  V 


In  general,  the  geometric  qrai.tities  describing  the  fabric  structure  in  its 
initial  configuration  that  are  most  easily  measured  are  probably  warp  and  filling 
yarn  radii,  Rjw  and  Rjj,  and  number  of  warp  and  filling  yams  per  unit  width  of 
fabric,  Njw  and  Nj£.  Using  these  measured  quantities  and  Equations  (1)  through 
(5),  the  lengths  of  warp  and  filling  yarns  between  yarn  crossovers,  Ljw  and  Lj£, 
and  the  warp  and  filling  yarn  angles,  9jw  and  Sjf,  can  be  determined  for  the  two 
extremes  of  initial  fabric  geometr  -:  (1)  equal  crimp  distribution  in  both  sets  of 
yarns;  (2)  one  set  of  yarns  straight  (noncrimped).  For  nitial  fabric  geometries 
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between  these  two  extremes,  eithc*-  the  maximum  distance  between  filling  yarn 
cross-section  centers,  hj£,  the  maximum  distance  between  warp  yarn  cross- 
section  centers,  hiw,  the  filling  yarn  crimp,  or  the  warp  yarn  crimp  as  the 
yarn  lays  in  the  fabric  is  also  required.  However,  these  parameters  are  not 
easily  determined,  the  fabric  must  be  imbedded,  sectioned  and  examined  under 
a  microscope. 

Fabric'  Deformation 


Referring  to  Figure  1  and  using  the  equations  of  static  equilibrium,  i.  e.  , 
summing  the  forces  in  the  filling  direction 

~r  =  pt  co‘  W 

summing  the  forces  in  the  warp  direction 

z  -  P  cos  6,  N  , 
w  w  Z  w  Zw 

ana  summing  the  components  of  the  forces  perpendicular  to  the  fabric  plane 


(ID 


(12) 


P  sin  <L  -  P.  sin  fiL  -  0.  (13) 

w  Zw  i  2f 

In  the  case  of  uniaxial  loading,  Equation  (13)  shows  that  the  yarns  under 
stress  are  pulled  out  straight.  However,  in  an  actual  fabric  the  yarns  may 
become  jammed  before  the  crimp  is  completely  pulled  out.  Jamming  may  also 
occur  in  a  biaxially  stressed  fabric  with  certain  combinations  of  initial  fabric 
geometries  and  loading  ratios.  Therefore,  the  above  analysis  is  only  applicable 
when  jamming  does  not  occur.  The  jammed  geometry  of  plain  weave,  round- 
yarn  fabrics  is  discussed  further  in  the  next  section. 


If  it  is  assumed  that  there  is  no  axial  yarn  extension  (E  =  ■»,  L.£w  =  L.£w, 

^Zf  =  kjft  =  Rjw  and  R£f  =  R^)  during  fabric  loading,  the  analysis  of  the 

fabric  load-extension  behavior  can  be  reduced  to  four  simultaneous  algebraic 
equations  [Eqs.  (6),  (7),  (10),  and  (13),  where  Eqs.  (8)  and  (9)  are  substituted  in 
Eq-  (10)  and  Eqs.  (11)  and  (12)  into  (13)7  in  the  four  unknowns  6j>£,  9£w,  N ££ .  and 
Nj>w.  ihese  four  equations  are  independent  of  the  filament  and  yarn  properties. 
They  are  a  function  only  of  the  original  fabric  geometry  and  the  loading  ratio, 
and  not  of  the  magnitudes  of  the  individual  loads.  To  solve  the  equations  the 
fabric  loading  ratio,  initial  yarn  spacing,  1/Njw  and  1/Njf;  yarn  radii, 

Rj»  and  Rjw;  and  yarn  lengths  between  crossovers,  Ljf  and  Ljw,  must  be  known. 
The  latter  two  parameters  are  determined  from  Equations  (1)  through  (5),  as 
discussed  previously. 

If  yarn  extension  during  fabric  loading  is  considered,  (L^w  ^  *"Tw 
L2£  i  Ljr  ),  Equations  (11)  and  (1Z)  become  coupled  with  Equations  (6)  through 
(10).  The  functional  relationship  between  the  tensile  loads,  Pf  and  Pw,  on  the 
yarns  in  the  fabric  and  the  yarn  construction,  filament  properties  and  change  in 
yarn  length  between  crossovers  is  developed  below. 
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It  is  assumed  that  the  load-elongation  diagram  of  the  fabric  yarns  in  the 
zo  -o-twiat  state  can  be  represented  by 

P  -  ap \  -  a  *  be  (14) 

y  y 

where  the  yarn  cross-sectional  area.  Ay  =  ^Ry,  p  -  yarn  packing  factor 
=  n  orj  /*tr2.  Of  =  number  of  fibers  in  the  yarn,  rf  -  fiber  radius,  Ry  yarn 
radios,  e  ~  varn  or  fiber  tensile  strain,  a  =  tensile  stress  (force  per  unit  area) 
acting  on  a  fiber,  and  a  aid  b  are  constants.  The  case  of  the  yarn  radius  remain¬ 
ing  constant  during  yarn  extension  (v  =  0)  is  considered  first.: 

If  the  fibers  are  linearly  elastic,  a  -  EfC,  where  Ef  is  the  fiber  modulus  of 
elasticity,  and  a  =  0,  b  =  pAyEf  in  Equation  (14).  Similarly,  if  the  fibers  are 
elasto-plastic  and  exhibit  linear  work-hardening  beyond  the  yield.  0  z"  * 
i(e  -  e  ')  =  EfC  *  +  i(e  -  €*)'  ,  where  a*  is  the  fiber  yield  stress,  e  *  the  fiber 

yield  strain  in  tension,  and  zl  the  slope  of  the  post-yield  region  of  the  fiber  ten¬ 
sile  stress-strain  diagram.  Therefore,  for  the  elasto-plastic  material 
a  =  (a~  -  2C*)pAy  =  e*  (Ef  -  alpAy  and  b  =  a  pAy. 

Neglecting  pressures  transverse  to  the  fiber  axis,^  friction  between  fibers 
and  yarn  radial  growth  with  increasing  yarn  twist,  the  total  axial  load  on  an 
idealized,  close-packed,  twisted  yarn  is  given  by^*’  i2,  i4^ 


P  =  2nu  I  Ry  ar  cos2  Sdr  =  ~ —  I  Ry(a  -  bev  cos2  5)  r  cos2  gdr, 

y  '  Jr=o  Ay  *0 


where  €y  is  the  fractional  yarn  extension,  C  =  Cy 
indicated  integration  it  can  be  shown  that 


P 

y 


A 

y 


ln(i 


4-2T2R2)  -  be 

y  y 


2.  U3) 

cos  6. 


„  2-2-2 
4”  T  R 

y 


Carrying  out  the 


where  T  is  the  yarn  twist  in  turns  per  unit  length.  This  expression  can  be 
rewritten  in  the  following  form 


(13) 


(16) 


P 

y 


1  r  2  2 

- —  |a  In  sec  0  *  be  sin  g 

2  l  s  y  s 

tan  g 


] 


s 

where  8  is  the  surface  helix  of  the  twisted  yarn.  If  the  first  term  is  expanded 
s  7  ^ 

in  a  power  series  and  the  higher  order  terms  are  neglected.  Equation  (17)  can 

be  reduced  to  the  following  simplified  form 


(17) 


[a(l  -  ~  tan2  $  )  -  be  cos2  ?  ^ 
2  s  y  s  ■ 


or  P  =  A  -  Be  » 

y  y 


where  A  =  0,  B  =  pE^A  cos  g^for  linearly  elastic  materials 


1  2  . 
~tan  c  ) 
2  s 


and  A  =  pe*  (E.  -  a)  A  (1  - 

{  2  V  ,  4 
B  =  paA  cos4  0  for  elasto-plastic  materials  'i.  e.  ,  if  a  -  a 

y  • 


:(e-  €*):- 


(18) 

(16) 
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In  light  of  the  above  relations  and  noting  that  the  extension  of  the  filling 
yarns  in  the  fabric  is  given  by  cy  =  (^2f  “  Llf)/Llfi  and  similarly  for  the  warp 
yarns  by  ty  =  (L£w  -  Ljw)/Ljw,  Equations  (11)  and  (12)  can  be  rewritten  in  the 
following  form 


."»nt 


vN2*[A4B(raL-1)j“,,i.  <21> 

lw 

If  constant  volume  yarn  extension  (v  =  1/2)  is  assumed  instead  of  constant 
yarn  radius  as  above,  Equation  (15)  takes  the  following  form^^ 


*  D  p  xr  2.  ^  2 

P  =  -  j  y  a  ♦  b-^  (3  cos  0-1)  Ire  os  Bdr, 

y  A  J  '  L  2  J 

’  y  r  =  0 


(22) 


After  carrying  out  the  indicated  integration,  an  expression  identical  to  Equation 
(19)  is  obtained  with  A  =  0  and  B  =  pE^A  [ 3  Bin^  0B  -  In  sec^  6g  ]/Z  tan^  when 
a  =  EfC.  Additionally,  af  and  are  given  by  Equations  (20)  and  (21),  as  for  the 
previous  case.  It  can  also  be  shown  that  for  constant- volume  yarn  extension 


RM*IW4r 


R,  ^  R,  J  L  / L  . 

£w  lw  Ivy  2w 


(23) 

(24) 


Limiting  Fabric  Geometries 


As  previously  noted,  the  derivation  of  the  foregoing  expressions  for  predict¬ 
ing  the  response  of  fabrics  under  biaxial  tensile  loading  does  not  take  into 
account  the  possibility  of  geometric  limitations  at  large  fabric  extensions.  Care¬ 
ful  analysis  of  the  idealized  fabric  rnodel  being  used  shows  that  there  are  three 
possible  limiting  geometries.  ^  *  The  descriptions  of  these  given  below 

assume  that  the  load  applied  in  the  warp  direction  is  equal  to  or  greater  than  the 
load  applied  in  the  filling  direction  (o^  a  a  ^  )■ 


1.  Warp  yarns  pulled  straight  -  If  +  ^2W^  4  2rr  as  o  lo ^  -  “4  the 

warp  yarns  can  be  pulled  straight.  When  this  occurs 


This  limiting  geometry,  if  attained,  defines  the  maximum  fabric  extension 
possible  from  crimp  interchange.  \ny  further  fabric  extension  requires  yarn 
elongation. 


1 1 


2.  Maximum  filling  contraction  -  The  fabric  extension  in  the  warp  direction 
can  be  limited  by  the  inability  of  the  fabric  to  contract  further  in  the  filling 
direction.  This  occurs  when  the  maximum  possible  crimp  has  been  developed 
in  the  filling  yarn.  If  the  loads  applied  to  the  fabric  are  greater  than  the  level 
which  just  results  in  the  development  of  this  maximum  filling  yarn  crimp, 
solutions  to  Equations  (6)  through  (13)  can  be  obtained  which  result  in  physically 
impossible  fabric  deformations. 


The  tilling  yarn  crimp  is  at  its  maximum  when  there  are  no  straight  sections 
along  the  filling  yarn  length,  i.e.. ,  when  ^  ^  <  ^see  Figure  2). 

Under  these  conditions 


L  =  2{R  -  R  )  = 

2f  2i  2w  2f 

and  frcm  Equation  (6) 

5T  -  2<r-2( '  V  ( 

2w 


"2f 


2(R2f  *  R2w)  ' 


(26) 


(27) 


The  corresponding  filling  yarn  spacing  is  determined  from  Equations  (7)  through 
(13). 


Assuming  a  fabric  woven  from  ir.extensible  yarns,  the  above  limiting 
geometry  can  be  readily  determined.  It  is  given  simply  by 

(57)..  =2,BU-Bl».,!in(2(R  ‘-V  ))  1281 

2w  minimum  tt  lw 

3.  Contact  between  adjacent  w’arp  yarns  -  The  fabric  extension  in  the  warp 
direction  cat  also  be  limited  by  adjacent  warp  yarns  coming  into  c^..;act  with 
each  other.  When  this  occurs  and,  simultaneously,  maximum  crimp  is 

developed  in  the  filling  yarns,  it  can  be  shown  from  Figure  3  that 


9  -  2f 

2f  2(R2f*R2w)' 

(29) 

2R2w 

810  ^  '  2(R2f  *  R2wr 

(30) 

and 

-2R2w- 

(3  i ) 

“  BZf  =  »2w’  *2f  *  1/2>  hi  -  n/b  ‘  J°‘-  *"d  V2IB2(  *  B2w>  =  "/6  =  °'5236- 


12 


—  -H 


FILLING  YARN 


i 


FIGURE 


LIMITING  FABRIC  GEOMETRY; 
MAXIMUM  FILLING  CONTRACTION. 


FIGURE  3.  LIMITING  FABRIC  GEOMETRY-,  CONTACT  BETWEEN 
ADJACENT  WARP  YARNS. 
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The  minimum  value  of  filling  yarn  length  possible  when  warp  yarns  are 
touching  occurs  when  the  filling  yarn  is  straight.  For  this  case 


L2f  =  2R2w  '  N 


2w 


(32) 


Therefore,  contact  between  adjacent  warp  yarns  can  only  occur  when  0.500 
£  L^f/ZfRzf  *  R2w^  *  G-  5236,  assuming  f^,-  =  R2w‘  The  corre»Ponding  filling 
yarn  spacing  for  this  limiting  geometry  is  calculated  from  Equations  (7) 
through  (13).  (As  pointed  out  in  a  later  section,  this  type  of  limiting  geometry 
has  not  been  encountered  for  any  of  the  fabric  geometries  and  loading  condi¬ 
tions  examined  to  date.. ) 


Although  the  limiting  geometries  are  readily  determined  when  it  is  assumed 
that  the  fabrics  are  woven  from  inextensible  yarns,  there  does  not  appear  to  be 
a  direct  method  for  determining  the  second  or  third  type  of  limiting  geometry 
when  the  effects  of  yarn  extension  are  included.  However,  an  indirect  approach 
is  given  in  a  later  section. 


ANALYTICAL  RESULTS 


The  analytical  expressions  derived  above  for  the  load-extension  behavior 
of  idealized  plain-weave  fabrics  subjected  to  biaxial  stresses  have  been  solved 
for  various  combinations  o'  initial  fabric  geometries  and  filament  properties. 
The  Newton- Raphson  iterative  method  for  the  solution  of  simultaneous  non¬ 
linear  algebraic  equations  and  an  IBM  7094  digital  computer  were  used  to  obtain 
the  solutions.  Descriptions  of  the  cases  solved  and  the  results  obtained  are 
given  below. 

Solutions  are  given  first  for  the  case  of  no  axial  yarn  extension  (E  =  •), 
during  fabric  loading.  Only  the  contribution  oi  crimp  interchange  to  the  load- 
extension  response  of  the  biaxially  stressed  fabrics  is  considered.  Results 
are  given  for  the  two  extremes  of  initial  fabric  structure:  (1)  equal  crimp 
distribution  in  both  sets  of  yarns;  (2)  one  set  of  yarns  straight  (noncrimped). 

As  noted  previously,  the  results  are  a  function  only  of  the  loading  ratio  g  / 
and  not  of  the  magnitudes  of  the  imposed  loads. 


Square  Fabric,  Inextensible  Yarn  -  Crimp  Interchange 

For  initially  square,  plain-weave  fabric  with  the  same  infinitely  flexible 
and  inextensible  yarn  in  both  the  warp  and  filling 


=  N 

=  N 

lw 

If 

?  = 

R, 

=  R 

If 

lw 

1  = 

0 

9, 

If 

lw 

1 

L,,  -  L,  -  L,,  *  L_ 

1?  lw  2f  2w 


*  R 
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V  1 1 h  these  assumptions,  Equations  (1)  through  {5;  describing  the  geometry  of 
the  fabric  in  the  unloaded  state  reduce  to  the  following  tv, o  simplified  expressions 


sin  g 

N  R  =  - —  - 

1  2(2  cos  5  i 

1 

L _ l _  ^  4fi 

R  N  j  R  c  os  “  1 


4  tan  8 


(33) 

(34) 


The  dimensionless  parameter,  X'jR,  the  product  ot  tne  yarn  radius  and  number 
of  warp  (or  filling)  yarns  per  unit  length  of  fabric  before  application  of  the  loads, 
is  plotted  in  Figure  4  as  a  function  of  9>,  the  angle  between  the  warp  (or  tilting) 
yarns  and  the  fabric  plane  at  the  mid-point  between  yarn  crossovers  before  load¬ 
ing.  As  shown,  NjR  -  0  at  =0,  increases  with  increasing  Sj  up  to  an  angle  of 
60°  and  decreases  beyond  this  a  igle. 


Similarly,  the  dimensionless  parameter,  L/R.  the  ratio  of  the  length  of 
warp  (or  filling)  yarn  between  yarn  crossovers  before,  during,  and  after  load¬ 
ing,  to  the  yarn  radius,  is  plotted  in  Figure  5  as  a  function  of  9i-  As  shown, 
L/R  approaches  infinity  as  9^  approaches  0°,  decreases  with  increasing  ?,  up 
to  an  an,|le  of  60°,  and  increases  slightly  above  this  angle. 


L/R  is  plotted  as  a  functic-.i  of  N- j  R  in  Figure  6.,  As  shewn,  as  X jR  approac hes 
zero,  L/R  approaches  infinity,  and  at  X’jR  values  a  0.  25,  L/R  is  not  a  single¬ 
valued  function.  Therefore,  to  simplify  the  ''omputer  programming,  in  all  the 
computations  presented  below  which  assume  an  initially  square  fabric,  only  X'jR 
values  £  0.24  are  used.  Since  the  maximum  value  of  N'jR  possible  in  an  initially 
square,  plain-weave  fabric  is  0.289,  ^  =  60°  (see  Limiting  Fabric  Geometries, 
#2),  not  much  is  lost  in  using  only  values  of  Nj  R  *  0.  24.:  X’j  R  =  0.  05  corre¬ 
sponds  to  an  angle  8  of  5.  4  Nj  R  -  0.  24,  to  34.  3  °. 


For  the  initially  square,  plain-weave  fabric  woven  from  infinitely  flexible,; 

inextensible  yarns,  substitution  of  Equations  (8)  and  (9)  into  Equat  on  (10)  and 

Equations  (6‘,  (7),  (11),  and  (12)  into  Equation  (13),  gives  the  following  two 

simultaneous  equations  in  the  two  unknowns  ®  and  9  , 

M  2w  2f 


!  ~-  -  9_  'jsin  8_  -  cos  8,  =  (cos  -  1  )  -  (“  -  =  ,)sin 

V4R  2w  J  2w  2w  \  2f  /  \4R  2f  / 


2f 


V  L 


'os  9^  J  ( —  -  8_  )cot  *  1  !s  (~  Jcos  I  )cot  -  1 

7.w  l\4R  2w /  2w  J  \a,  /  2f  L  V4R  2f/  2f 


V 


r(^-=  ice 


(35) 

(36) 


Once  S^w  and  %  are  determined,  N-^R  and  R  can  be  obtained  from  Equations 
(6)  and  (7)  which  reduce  to  the  following  two  expressions  for  this  case. 


n2(r 


■t 


fL 


48.  'cos  9. 
2w  / 


4  sin  5. 


2w 


(37) 
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FIGURE  5.  L/R  VS  B%  FOR  A  SQUARE  FABRIC  WITH 
INEXTENSIBLE  YARN. 
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FIGURE  6.  L/R  VS  N,R  FOR  A  SQUARE  FABRIC  WITH 
INEXTENSIBLE  YARN. 
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(33) 


N_  R 
2w 


(r  "  4S2f) 


cos  e2f  4  sin  6^ 


The  fractional  fabric  extensions  in  the  warp  an  filling  directions,  e  and  e  , 

1  W  I 

are  then  given  by  the  following  two  expressions 

N,  P. 


c  .M--n 

w  \N, ,R  ) 


if 
N  j  R 


cf  'In  r  ■  1 ) 

2w 


where  a  positive  value  for  e  signifies  an  increase  in  the  fabric  length  and 
similarly  a  positive  value  for  e^,  an  increase  in  the  fabric  width. 


(39) 

(40) 


Equations  (33)  through  (40)  were  solved  for  N^R  -  0.  240,  0.220,  0.  200,. 

0.  150,  0.  125,  0.  100,  0.  050  and  -  1,2,  3, 4,';,  10.  The  results  of  these  com¬ 

putations  are  plotted  in  Figures  7(a),  7(b),  8(a),  and  c.(b).  The  fabric  extension  in 
both  the  warp  and  filling  directions  is  given  as  a  function  of  the  loading  ratio, 
and  the  product  of  yarn  radius  and  number  of  yarns  per  unit  width  ,n  th 
unloaded  fabric,  NjR.  Fabr;c  extensions  are  also  given  for  i.e.  ,  for 

uniaxial  loading.  These  extension  -  allies  represent  the  maximum  fabric  exten¬ 
sions  possible  from  crimp  interchange.  For  N  j  R  <  0.  i69  the  warp  yarns  are 
pulled  straight  as^/tTf  -  ®.  and  Equation  (25)  is  used  m  determining  the  limiting 
fabric  extensions.  For  NjR  2  0.  169  the  fabric  extension  in  the  warp  direction  is 
limited  by  the  inability  of  the  fabric  to  contract  further  in  the  filling  direction  as 
7w/0f  -  ®  because  of  the  development  of  the  maximum  possible  crimp  in  the. 
filling  yarn..  Equation  (28)  is  used  in  determining  the  maximum  fabric  extensions 
for  this  case.  For  NjR  ;  0.  169  the  warp  yarns  are  pulled  straight  and  the  maxi¬ 
mum  crimp  is  developed  in  the  filling  yarn.  The  value  NT.  R  -  0.  169  for  which  this 
occurs  is  determined  by  substituting  $2w  =  ^  and  ^f  4R  ?2f  mto  Equation  (35), 
solving  for  r^ri^Zf  -  **/2)  and  obtaining  the  value  of  NjR  corresponding  to  L,;  R  -  2~ 
from  Figure  6. 


When  -  »  and  N  R  ^  0.  169,  the  equilibrium  equations.  Equations  (11) 

through  (13),  are  not  satisfied.  The  limiting  fabric  extensions  are  determined 
from  purely  geometric  considerations.  In  a  real  fabric  the  filling  yarns  would 
be  compressed  and  the  projection  of  these  compressive  forces  along  an  exis 
perpendicular  to  the  plane  of  the  fabric  would  balance  the  components  of  the  tens.le 
forces  acting  on  the  warp  yarns  and  projected  along  the  same  axis. 


As  indicated  in  Figures  7  and  8,  no  fabric  extension  occurs  for  a  loading 
ratio  of  one.  This  is  because  the  fabric  is  assumed  initially  square,  woven  from 
inextensible  yarns  and  subjected  to  equal  loads  in  both  directions.  Under  these 
conditions  no  crimp  interchange  can  take  place. 


For  loading  ratios  greater  than  one,  the  fabric  elongates  .*  the  warp  direc¬ 
tion  and  contracts  in  the  filling  direction.  The  magnitudes  of  tuese  extensions 
increase  with  increasing  values  of  the  loading  ratio,  approaching  the  r  * 

extensions  asymptotically. 
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INITIALLY  SQUARE  FABRIC. 


EXTENSION 
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FIGURE  7(5>).  FABRIC  EXTENSION  IN  THE  WARP  DIRECTION: 

INEXTENSIBLE  YARN,  INITIALLY  SQUARE  FABRIC. 
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FIGURE  8(0).  FABRIC  CONTRACTION  IN  THE  FILLING  DIRECTION:  INEXTENSIBLE 
YARN,  INITIALLY  SQUARE  FABRIC. 


CONTRACTION 


FIGURE  8(b).  FABRIC  CONTRACTION  IN  THE  FILLING  DIRECTION: 

INEXTENSiBLE  YARN,  INITIALLY  SQUARE  FABRIC. 


24 


The  differences  between  the  fabric  extensions  m  the  warp  direction  for 
*  10  and  (Jw/cTf  *  •  are  small.  However,  this  is  not  the  case  in  the  filling 
direction,  particularly  for  0.  100  s  NjR  <  0.  20C.  A  small  load  in  the  filling 
direction  significantly  restricts  the  fabric  Irom  contracting  to  the  same  extent  as 
would  occur  under  uniaxial  loading. 

As  also  shown  in  Figures  7  and  8,  the  fabric  extension  in  the  warp  direction 
and  contraction  in  the  filling  direction  me rease  with  inc  reading  Nj  R  up  to  an  N j  R 
betweer  0.  200  -  0.240  and  0.  169  -  0.  240,  respectively,  depending  on  the  loading 
ratio.  r  greater  NjR  values,  the  fabric  exhibits  decreasing  extension  in  the 
wa  i  cn  and  decreasing  contrac  tion  in  the  filling  direction  with  increasing 

NjC  .  ..e  NjR  for  which  the  greatest  fabric  extensions  are  obtained  decreases 

with  increasing  loading  ratio  (see  Figures  7(b)  and  8(b)).  However,  in  the  limit 
as  av//j f  a  fabric  with  an  NjR  of  about  0.  200  exhibits  the  greatest  warp  ex¬ 
tension.  and  a  fabric  with  NjR  =  0.  169  the  greatest  filling  contraction.  The  latter 
fabric  construction  is  the  one  in  which  the  maximum  filling  crimp  is  first  devel¬ 
oped.  Fabrics  with  greater  NjR's  are  closer  to  the  jammed  state  initially  and 
therefore  reach  this  limiting  geometry  sooner  upon  loading.  Consequently,  their 
filling  contraction  is  less.  (As  mentioned  earlier,  it  can  be  shown  that  an  initially 
snuare  fabric  with  NjR  =  0.289  and  woven  from  inextensible  yarns  cannot  exhibit 
any  warp  extension  or  filling  contraction  because  its  initial  geometry  is  a  jammed 
configuration.  ) 

The  ratio  of  the  fabric  contra  ,ion  in  the  filling  direction  to  the  correspond¬ 
ing  extension  in  the  warp  direction,  i.  e  ,  the  effective  Poisson’s  ratio,  u,  of  the 
fabric  (u  =  -  Cj  /Cvc)*  >s  plotted  in  Figures  9(a)  and  9(b).  It  is  recognized  that 
this  is  a  non  standard  definition  of  Poisson's  ratio.  Classically,  it  is  the  ratio 
of  the  lateral  contraction  to  longitudinal  extension  of  a  homogeneous  bar  under 
axial  tensiou.  However,  it  is  used  herein  to  define  the  ratio  oi  the  lateral  con¬ 
traction  to  logitudinal  extension  of  a  structure,  not  a  homogeneous  material, 
under  biaxial,  as  well  as,  uniaxial  loading.  Therefore,  it  is  referred  to  through¬ 
out  as  the  effective  Poisson's  ratio  in  an  effort  to  distinguish  it  from  the  classical 
Poisson's  ratio. 

The  effective  fabric  Poisson's  ratios  are  given  in  Figures  9(a)  and  9(b)  as  a 
function  of  loading  ratio  and  NjR.  The  values  at  an  infinite  loading  ratio  are 
noted.  As  shown,  u*  1.4  at  a  loading  ratio  cf  two  for  all  values  of  NjR  and 
increases  with  increasing  loading  ratio  :o  1.  8  -  2.  7  at  a  loading  ratio  of  ten, 
and  1.8-  5.  4  at  an  infinite  loading  ratio..  This  is  in  contrast  to  conventional 
homogeneous  engineering  materials  which  rarely  exhibit  Poisson's  ratios  greater 
than  1/2.  Furthermore,  it  car,  be  shown  that  even  when  homogeneous  materials 
are  under  biaxial  stress  the  effective  Poisson's  ratio  never  exci  ?ds  the  true 
Poisson's  ratio  for  all  positive  values  of  the  loading  ratio. 

At  the  lower  values  of  loading  ratio  the  Poisson's  ratio  does  not  exhibit  a 
strong  dependence  on  NjR.  it  decreases  slightly  with  increasing  NjR.:  However, 
as  shown  in  Figure  9(b),  at  a  loading  ratio  of  ten  u  increases  with  increasing 
NjR  up  to  an  NjR  of  about  0  175;  at  larger  NjR  values  udecreases  with  increas¬ 
ing  NjR..  As  also  shown  in  Figure  9(b),  in  the  limit  as  7w/ctf  —  <*> ,  a  fabric  with 
an  NjR  -  0,169  exhibits  the  largest  effective  Poisson's  ratia  5.  4, 
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FIGURE  9(a).  POISSON'S  .WIO  FOR  AN  INITIALLY  SQUARE  FABRIC  WITH 
INEXTENSIBLE  YARN. 
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Crimp  Intcrch ange 


Filling  Yarn  lmt tally  Straight,  Inextenaible  Yarn 


For  a  plain-weave  fabric  with  the  same  number  of  identical,  infinitely 
flexible,  inextensible  yarns  ir«  both  the  warp  and  filling  and  one  set  of  yarns 
(filling  yarns)  initially  straight  (noncrimped) 


If 


lw 


R 


2f 


R 


2w 


c  e 
■  if 


L  -  L  =  L 
If  2f  f 

L  -  L  -  L 
lw  2w  w 

With  these  assumptions  Equations  (1)  through  (51  reduce  to  the  following  three 
simplified  expressions 


f 


1 


R  N  j  R 

sin  9  ,  -  4N  R 

lw  1 


(41) 

(42) 


w  4  . 

-  -  — — ■; - - - 49,  -  4  tan  ?, 

R  sin  9,  cos  0  Tv  lw 


(43) 


lw 


lw 


In  contrast  to  the  previous  case  where  an  initially  square  fabric  was  analysed. 
L^./R  and  L^/R  in  this  case  are  better-behaved  functions.  They  approach  infinity 
as  0j  approaches  zero,  but  are  single-valued  as  9jw  approaches  90°.  NjR  vs.; 
0i  ,  L  /R  and  Lf / R  vs.  0.  ,  and  L  / R  and  L, / R  vs  N ,  R  are  plotted  in 
Figures  10,  11  and  12,  respectively,  in  the  computations  presented  below  for  a 
fabric  with  one  set  of  yarns  initially  straight,  again  only  NjR  values  a  0,05  and 
s  0.  24  are  used.  The  Nj R  -  C,  05  corresponds  to  an  angle  9  jw  of  1 1 .  5  °;.  Nj  R  - 
C  24  to  73.  7°. 


As  for  the  previous  case,  substitution  of  Equations  (8)  and  (9)  into  Equation 
(10)  and  Equations  (6),  (7),  (li)  and  (12)  into  Equation  (13)  gives  the  following  two 
simultaneous  equations  in  the  two  unknowns  0£w  and  @£f. 


L 

/Lf 

J>  ‘(ip  ‘  °2f  )sin  "2f 

(if  -  •*.: 

)  sm  ®2w  ‘  cos  62w  = 

(cos  Sgj  - 

(44) 

c°s  ?2w  [  1 

(—  -  a  \  cot  a 

^  4R  2w  J  2w 

i*  - 
t>  1  n 

M 

4 

)c“*  e2fL(ii-?2f)co'  hr 

(45) 

These  equations  are  identical  to  Equations  '35)  and  (36)  except  that  the  distinction 
between  the  length  of  warp  yarn  and  the  length  of  filling  yarn  between  yarn  cross¬ 
overs  has  been  main’ained. 


L/R 


*IW  (RADIANS) 

FIGURE  II.  L/R  VS  *IW  FOR  A  FABRIC  WITH  INEXTENSIBLE 
YARN  AM)  INITIALLY  STRAIGHT  FILLING. 
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FIGURE  12.  L/R  VS  N,R  FOR  A  FABRIC  WITH  INEXTENSIBLE 
YARN  AND  INITIALLY  STRAIGHT  FILLING. 


Again,  once  ®2w  ^21  are  determined,  N^j-R  and  N2WR  are  obtained 

from  Equations  (6)  and  (7)  and  the  fractional  fabric  extensions  in  the  warp  and 
filling  directions  from  Equations  (39)  and  (40). 

Equations  (41)  through  (45),  (6),  and  (39)  (40)  were  solved  lor  NjR  = 
0.240,  0.220,  0.200,  0.150.  0.  125  ,  0  100,  0,050,  and  aw/<7f  =  0  5.  1.2,  3, 4.  5. 
10.  The  results  of  these  computationa  are  plotted  in  Figures  13(a),  13(b),  14(a), 
and  14(b).  Fabric  extensions  for  5w/t7f  -  •  are  also  given.  As  for  the  case  of 
the  initially  square  fabric,  these  extension  values  represent  the  maximum  fabric 
extensions  possible  from  crimp  interchange.  They  were  determined  in  the  same 
manner  as  for  the  previous  case.;  The  warp  yarns  are  pulled  straight  as  -  “ 

wh'  i  NjR  <  0.  159;  when  N[R  0.  159  the  fabric  extension  in  the  warp  direction 
is  limited  by  the  inability  of  the  fabric  to  contract  further  in  the  filling  direction. 

As  shown  in  Figures  13  and  14,  the  labric  elongates  in  the  warp  direction 
and  contracts  in  the  filling  direction.  The  magnitude  of  these  extensions  in¬ 
creases  with  increasing  values  of  the  loading  ratio,  approaching  the  CTw/CTf  -  • 
extensions  asymptotically. 

The  fabric  extension  in  the  warp  direction  increases  also  with  increasing 
NjR.  The  contraction  in  ihe  filling  direction  goes  through  a  turning  point  with 
increasing  NjR,  The  value  of  NjR  for  which  the  greatest  fabric  filling  contrac¬ 
tion  occurs  varies  with  the  loading  ratio.  However,  in  the  limit  asnw-7f  —  *, 
a  fabric  with  an  N|R  s  0  159  exhibits  the  greatest  iontraction  in  the  fiHing 
direction  since  this  fabrii  construction  is  the  one  .n  which  the  maximum  filling 
crimp  is  first  developed.  As  discussed  for  the  case  of  an  initially  square  fab¬ 
ric,  fabrics  with  NjR  0  159  are  closer  to  the  jammed  state  initially,  and, 
therefore,  reach  this  limi’ing  geometry  with  less  filling  contraction. 

In  contrast  to  *he  initially-  square  fabric  case  the  warp  extension  for  fabric 
with  initially  straight  filling  continues  to  increase  with  .ncreasing  NjR,  even  for 
NjR  >  0.  i59.  This  occurs  because  the  initial  crimp  in  the  warp  yarns  increases 
significantly  wi.'  increasing  NjR,  since  the  filling  is  straight,  thereby  provid¬ 
ing  greater  warp  yarn  length  between  yarn  crossovers  and  thus  greater  oppor¬ 
tunity  for  higher  fabric  extensions  i->  the  warp  direction. 

Unlike  the  initially  square  fabrics,  fabrics  with  initially  straight  filling 
extend  at  a  loading  ratio  of  one.  Additionally,  a  comparison  of  the  extension 
data  in  Figures  7  and  8  to  those  plotted  in  Figures  13  and  14  shows  that  for 
any  value  of  NjR  and  7vv/7f.  the  warp  extension  is  considerably  greater  and 
the  filling  contraction  moderately  greater  when  the  filling  yarns  are  initially 
straight.  The  filling  contraction  is  greater  because  larger  changes  in  filling 
crimp  can  occur  when  the  filling  is  initially  straight.  Similarly,  the  fabric 
extension  in  the  warp  direction  is  larger  because  (1)  the  initial  crimp  in  the 
warp  yams  is  larger  for  a  given  Ni  R  when  the  filling  yarns  are  initially  straight:, 
(2)  there  is  greater  crimp  interchange  between  the  warp  and  filling  yarns  when 
the  filling  yarns  are  initially  straight.; 
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yarn,  initially  straight  filling. 


i.;  <rw/<rf  *  0  5 
2..  cr*  /<rf  *  | 

3.  cr*  /erf  *  2 
4  cr  *  /cr  f  =  3 
5,  *  4 

6  crw  /<rf  *  5 

7.  crw  /at  *  10 

8,  cr  *  /<Tf  =  ® 


FIGURE  14  (fc).  FABRIC  CONTRACTION  IN  THE  FILLING  DIRECTION: 

INFXTENSIBLE  YARN,  INITIALLY  STRAIGHT  FILLING 


The  effective  Poisson's  ratio  u.  of  ?he  fabric  :s  plotted  in  Figure*  15(a) 
and  t5(h)  as  a  function  of  loading  ratio  and  NjR.  The  values  for  an  infinite 
loading  ratio  are  also  noted.  As  shown,  u  increases  with  increasing  loading 
ratio  and  decreasing  N  j  Fs  when  s.  !  0.  Huwe/er,  at  -  •  u  increases 

up  to  a  maximum  '  {  u  -  1  73  at  Nj  R  =  0.  159.  at  larger  Nj  R  values  u  decreases 
with  increasing  N  j  R.  At  a  loading  ratio  0/  one  u  =  0  16  -  0.32,  the  exact  value 
depending  on  the  appropriate  NjR.  at  a  loading  r<t*io  of  ten,  u»0.  39  -  0.83;  and 
at  a.n  infinite  loading  ratio,.  u  =  0  040  -  1..  73.  As  a  <  omparison  c(  the  data  in 
Figures  9  and  15  shows,  when  the  iiiiing  yarn  is  im’iaiiy  straight  the  fabric 
exhibits  a  lower  elfe*  live  Poisson's  ratio. 


Square  Fabric.  Ext.  nsible  Yarn  (Linearly  Elastic,  v  =  C).  =  1 

For  a  square,  plain eave  fabric  with  ihe  -ame  infinitely  flexible  yarn  in 
both  the  warp  and  filling 
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"If 
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Therefore,  the  equations  describing  the  geometry  of  the  fabric  ’n  the  unloaded 
state,  Equations  (1)  -  (5),  reduce  to  the  two  simplified  expressions  given  in 
Equations  (33)  and  i 34}  wiih  L  -  L.!. 

A 

If  i?  is  further  assumed  that  the  radii  of  the  »  ,rc  ular  yarns  in  the  fabric 
remain  constant  during  the  fabric  extension  <*nd  equal  to  the  yarn  radii  prior 
to  loading,  i.  e.  ,  that  the  Poisson’s  ratio,  v  of  the  yarn  is  aero  and  additionally 
that  the  load  applied  to  the  fabric  ;n  the  warp  direction,  is  equal  to  the  load  applied 
in  the  filling  direction  throughout  the  loading  r  yc  ie 

R  -  R,  R 

2f  2w 

I.  =  L  -  L 

2f  2w  ? 


N2f  "  N2w  N2 


With  these  assumptions,  the  Equations  describ-og  the  geometry  of  the  fabric  in  the 
deformed  state,  Equations  (6)  -  (13),  reduce  I  1  the  three  expressions  given  below. 
Equations  flO)  and  f i  3 )  are  not  independent  expressions  due  to  the  geometuc  sym¬ 
metry  of  the  assumed  fabric  model.  Equa’ic-ns  f6l  and  (7)  reduce  to  identical 
expressions.  Equation  <46).-  similarlv  Equations  (8)  and  (9‘  reduce  to  Equation  (47). 


1.  N,R  *  0.050 

2.  N,R  *  0.100 


FIGURE  1 5 (a;,  POISSON’S  RATIO  FOR  FABRIC  WITH  INEYTENSIBLE  YARN 
AND  INITIALLY  STRAIGHT  FILLING. 


i.8 


FIGURE  15(b).  POISSON'S  RATIO  FOR  FABRIC  WITH  INEXTENSIBLE 
YARN  AND  INITIALLY  STRAIGHT  FILLING. 
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:  Equations  (11)  and  (12),  to  Equation  (48),  after  substitution  of  Equation  (19). 
Since  the  fabric  yarns  are  assumed  to  be  linearly  elastic  and  the  yarn  extension 
to  be  at  constant  radius,  A  -  0  and  B  -  pE.A  cos^  c  in  Equation  (19),  the  yarn 

i^/r  1  * 

“v  2  (lTar  ■  ')- 


~~  -  •  =  rL,/R  -  4?_  ?  cos 

£ 

(46) 

N£R  *  2  2' 

~2  *  4  sin 

"2 

2  =  TL2/R  -  4?2  j  sin  ?  - 

4(1  -  cos 

?2> 

(47) 

7  -  (N*2R)  pEf  ~R  cos2  5^ 

.  R 

{  L ,  /  R 

1  ! cos  5, 

J  l 

(48) 

The  fractional  fabric  extensions  in  the  warp  and  filling  directions  are  equal,, 

C,  =  C  ,  and  are  given  by  either  Equation  (39)  and  (40), 
f  w 

Equations  (33)  -  (34).  (46)  -  (48)  and  (39)  were  solved  for.  R  -  0.240, 

0.200,  0.150,  0.100,  0.  050;  j  -  10,  50,  100,  300,  500  lbs, 'inch  width,  R  =  0.010, 

0.  005  inch:  9s  =  0°,  25°.  35°,  and  Ef  =  2  x  1 05,  x  1 06  10  x  10&,  30  x  106 

lbs/inch^.  The  results  of  these  computations  are  presented  m  Figure  16  in  terms 

of  the  dimensionless  parameters  c,  N.R  and  a/p(X,R)  E  ~  R  cos"  $ 

1  If  s 

The  extension  at  constant  radius  of  a  straight,  linearly  elastic,  twisted  yarn 
is  also  given  in  Figure  16  as  a  function  of  the  same  parameters.  This  can  be 
done  since  7/Nj  represents  the  load  aDplied  to  each  yarn  in  the  fabric  and,  from 
Equation  (19;,  the  extension,  g y,  of  a  linearly  elastic  yarn  is  given  by 


d*"R2  E,  cos^  s 
y  f  s 


where  P  is  the  load  applied  to  the  yarn.  As  shown  in  Figure  16,  the  fabric  is 
more  easily  extended  than  a  straight  yarn  identical  to  those  from  which  the 
fabric  is  woven.  This  is  because  the  yarn  axes  are  not  pa-allei  to  the  plane  of 
the  fabric. 


It  can  also  be  shown  that  for  any  specific  load,  (Ibs/mch  width  of  fabric; 
applied  to  the  labric,  the  fabric  extension  increases  with  dec  reas  ing  X  j  R  values. 
The  smaller  NjR,  the  fewer  are  the  number  of  yarns  available  for  supporting 
the  applied  load  and  thus,  the  greater  each  yarn's  share  of  the  total  load  applied 
to  the  fabric.  The  fabric  extension  also  increases  with  decreasing  yarn  radius, 
decreasing  yarn  modulus  and  increasing  yarn  twist  (surface  helix  angle, 
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FIGURE  16.  FABRIC  EXTENSION:  LINEARLY  ELASTIC  YARN  JvO), 
SQUARE  FABRIC,  <rw/or#«l 


The  effective  Poisson's  ratio,  u.  of  a  square  fabric  woven  from  linearly 
elastic  yarn  is  -1  when  equal  loade  are  applied  in  both  the  warp  and  filling 
directions. 

Square  Fabric,  Extensible  Yarn  (Linearly  Elastic,  v  1/2),  7  =  1 


The  case  of  an  initially  square,,  plain-weave  fabric  with  the  same  infinitely 
flexible  yarn  in  both  the  warp  and  filling  and  the  ratio  of  applied  loads  equal  to 
one,  0^/cTf  =  1,  was  also  solved  assuming  constant- volume  yarn  extension,  i.  e.  , 
with  the  Poisson's  ratio  v  of  the  yarn  equal  to  1/2..  This  case  shows  the  effect 
on  the  magnitude  of  the  fabric  extension  of  assuming  that  the  *-adii  of  the  yarns 
in  the  fabric  remain  constant  during  fabric  extension.  As  for  the  previous  case 
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However,  for  constant- volume  yarn  extension 


R2f  =  R2w 


With  these  assumptions  the  geometry  of  the  fabric  m  tne  unloaded  state  is 
given  by  Equations  (33)  and  (34)  (with  L  -  Lj)  and  Equations  (6)  -  (13)  reduce  to 
the  three  expressions  given  below.  As  in  the  previous  case.  Equations  (10)  and 
(13)  are  not  independent  expressions  due  to  the  geometric  symmetry  of  the 
assumed  fabric  model;  Equations  (6)  and  (7)  reduce  to  identical  expressions, 
Equation  (49);  Equations  (8)  and  (9),  to  Equation  (50),  and  Equations  (11)  and  (12). 
to  Equation  (51)  after  substitution  of  Equation  (19).  Since  the  yarn  in  the  fabric 
is  assumed  to  be  linearly  elastic  and  the  yarn  extension  to  be  at  constant  volume, 
A  =  0  and  B  -  pE^A  ^3  sin^  9g  -  In  sec“  $g  'j 2  tan^  in  Equation  (19). 
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i  ,Vrn/2  r(VR)3/2 

N2R  (lj/R  )  '  L(l  /r)  1/2  *  4ezJ  cos  h  '  4  s,n  02  ■  0 
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40.  j  sin  -  4(1  -  cos  9.)  =  0 
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2  2 

[3  sin  0  -  In  sec  9  ]  L  /R 

-  N  R  ~—T - -(lTr  -  ,)CO‘‘  e2 

2  tan  9  1 

s 


The  fractional  fabric  extensions  in  the  warp  and  filling  directions  are  again 
'  jac.5  and  given  by  either  Equation  (39)  or  (40). 

Equations  (33)  -  (34),  p‘.9)  -  (5  1 )  and  (39)  were  solved  for  the  same  range 
of  values  of  the  parameters  as  were  used  for  the  case  of  constant- radius  yarn 
extension.;  The  results  are  presented  m  Figure  17  in  terms  of  the  dimension¬ 
less  parameters  e,  N,R  and  ~/p(N,R)E  **R  g  where 

,  .  2  .  ,  2 

r  3  sin  0  -  In  sec  °  - 

6  s  L - ^ - *  j 

2  tan  9 


The  extension  at  constant  volume  of  a  straight,  linearly  elastic,  twisted 
yarn  is  also  given  in  Figure  17.  As  for  the  previous  case  the  fabric  is  more 
easily  extended  than  the  yarns  from  which  it  is  woven  due  to  fabric  yarn  crimp 

A.  comparison  of  the  data  in  Figures  16  and  17  shows  that  for  identical 
fabrics  loaded  to  the  same  level,  constant- volume  yarn  extension  results  in 
greater  fabric  elongation  than  constant-radius  yarn  extension.  When  N^R  : 

0.  050,  9=0°  and  the  fabric  extension  t  =  ef  =  20 %  for  constant  radius  yarn 
extension,  the  fabric  extension  for  constant  volume  yarn  extension  tc*  the  same 
load  a/pNj  R  Ej^R  =  0.  168  is  20.  8%  (fl  -  1  as  -  0 '),  i.  e.: ,  the  constant  volume 
fabric  extension  is  4%  greater.  Similarly  w’hen  NjR  =  0.050,  0S  =  35°  and  the 
fabric  extension  e^,  =  €f  =  20%  for  constant  radius  yam  extension,  the  fabric 
extension  for  constant  volume  yarn  extension  is  18%  greater.  When  NjR  =  0.240, 
Sg  =  0*  and  the  fabric  extension  ew  -  Cy  =  20%  for  constant  radius  yarn  extension, 
the  fabric  extension  for  constant  volume  yarn  extension  to  the  same  load 
a / pN j  RE^R  =  0.  114  is  1 0%  greater,  and  simila  rly  when  Nj  R  -  0.  240  and  9K  -  35  1 
24%  greater. 
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N,  R  *0.050 


FIGURE  17.  FABRIC  EXTENSION:  LINEARLY  ELASTIC  YARN  <**l/2).  SQUARE 
FABRIC  ,  crw 


Filling  Yarn  Initially  Straight,  Extensible  Yarn  (Linearly  Clastic,  v  r  0),  a  /o^s  1 

For  a  plain-weave  fabric  with  the  same  numbei  of  identical,  infinitely  flex¬ 
ible  yarns  in  both  the  warp  and  filling  and  the  filling  yarns  initially  straight 

N,,  =  N,  =  N, 
ll  lw  1 

R  =  R  -  R 
i  f  lw 


Therefore,  Equations  (1)  -  (5)  describing  the  geometry  of  the  fabric  >n  the  un¬ 
loaded  state  reduce  to  three  simplified  expressions.  Equations  (41)  -  (43)  (with 
Lj  =  Ljj  and  Lw  r  Ljw).  It  is  further  assumed  that  ihe  yarn  radii  remain  con¬ 
stant  during  fabric  extension,  R2f  =  ^2w  =  and  that  equal  loads  are  applied 
in  the  warp  and  filling  directions,  crw  =  af  =  7- 

With  these  assumptions  Equations  (6)  -  ( I  ? )  describing  the  geometry  of  the 
fabric  in  the  deformed  state  reduce  to  the  six  expressions  given  below.  Equa¬ 
tion  (55)  is  obtained  by  substituting  Equations  (8)  and  (9)  into  Equation  (10), 
Equation  (56)  is  obtained  by  substituting  Equation  (19)  into  Equation  (11),  assum¬ 
ing  a  linearly  elastic  material  and  constant- radius  yarn  extension.  Equation 
(57)  is  obtained  similarly.  Equation  (58)  is  obtained  by  substituting  Equations  (11) 
and  (12)  into  Equation  (13) 
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The  fractional  fabric  extensions  in  the  warp  and  filling  directions  are  given  by 
Equations  (39)  and  (40). 
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Equations  (41)  -  (43),  (53)  -  (58)  and  Equations  (39)  and  (40)  were  solved 
for  the  same  range  of  values  of  the  parameters  as  were  the  previoi  s  two  cases. 
The  results  are  given  in  Figures  16  and  19. 

As  shown  in  Figures  18  and  19,  the  fabric  load-extension  curves  appear  to 
intersect  the  zero-load  axes  at  finite  levels  of  strain  The  strain  values  at 
these  apparent  intercepts  are  the  same  as  the  strains  given  in  Figures  13  and 
14  at  an  applied  loading  ratio  of  one  (a  /3  =  1).  When  infinitesimal,  but  equal, 
loads  are  applied  to  the  fabric  in  the  warp  and  filling  directions,  the  fabric 
deforms,  elongates  in  the  warp  direction  and  contracts  in  the  filling  direction, 
with  the  amount  given  by  these  interce  pts.  T  hese  deformations  result  solely 
from  crimp  interchange.  This  is  in  contrast  tc  the  case  where  the  fabric  is 
initially  square.  As  shown  in  Figure  16,  for  that  case  all  the  load-extension 
curves  converge  at  the  zero-load,  zero-extension  point.  An  initially  square 
fabric  which  is  assumed  to  be  woven  from  inextensible  yarns  does  not  exhioit 
any  crimp  interchange  when  equal  loads  are  applied  in  the  warp  and  filling 
directions. 

As  the  level  of  applied  load  is  increased,  the  fabric  elongates  further  in 
the  warp  direction  and  extends  from  the  contc  icted  state  in  the  filling  direction. 
The  magnitude  of  the  extension  increases  with  increasing  applied  load,  decreas¬ 
ing  yarn  radius,  decreasing  yarn  modulus,  increasing  yarn  twist  and  decreasing 
number  of  yarns  per  unit  width  of  fabric. 

A  comparison  between  Figure  16  for  the  initially  square  fabric  and  Figures 
13  and  19  shows  that  when  the  filling  yarns  are  initially  straight  the  warp 
extension  is  considerably  greater  at  any  given  load  level  and  the  filling  exten¬ 
sion  somewhat  less. 

The  effective  Poisson's  Ratio,  u.  of  fabric  with  initially  straight  filling 
yarn  is  given  in  Figure  20  ac  a  function  of  the  dimensionless  load  parameter 
a/p(Nj R)Ej-*?R  cos^  5C  for  various  NjR  values..  The  curves  have  been  termi¬ 
nated  at  the  point  where  the  fabrics  exhibit  about  .50^  extension  in  the  warp 
direction..  As  shown,  u  is  positive,  i..  e.  ,  the  fabric  contracts  in  the  filling 
direction,  at  small  values  of  the  loading  parameter  and  „  decreases  rapidly 
with  increasing  values  of  the  loading  parameter;,  it  is  negative,  i.  e.  ,  the  fabric 
extends  in  the  filling  direction,  over  most  of  *he  loading  parameter  range.  T'nc 
Poisson's  ratios  at  the  points  where  the  various  curves  in  Figure  20  inter¬ 
sect  the  zero-load  axis,  correspond  to  the  Poisson's  ratios  for  fabric  with 
initially  straight,  inextensible  filling  yarn  at  a  loading  ratio  of  one  (see  Figure 
15). 
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FIGURE  19  FABRIC  EXTENSION  IN  THE  FILLING  DIRECTION.  LINEARLY 
FLASTIC  YARN  (**0),  INITIALLY  STRAIGHT  FILLING, 


FIGURE  20  FABRIC  POISSON’S  RATIO..  LINEARLY  ELASTIC  YARN 
INITIALLY  STRAIGHT  FILLING,  (T.  /a>  *  I 


Square  Fabric,  Extensible  Yarn  (Linearly  Elastic,  v  =  0),  <j  la.  >  1 
_ ' _ w _ f _ 

As  previously  not-d,  for  an  initially  square,  plain-weave  fabric  with  the 
same  infinitely  flexible  yarn  in  both  the  warp  and  filling,  the  equations  describ¬ 
ing  the  geometry  of  the  fabric  in  the  unloaded  state  reduce  to  the  expressions 
given  in  Equations  (33)  and  (T. -)  (with  L  =  Lj)..  It  is  further  assumed  below 
that  the  yarns  from  which  the  fabric  is  woven  are  linearly  elastic  and  tha.  ,tie 
yarn  radii  remain  constant  during  fabric  extension,  R^f  -  R2>#  =  R. 


With  these  assumptions  the  equations  describ  ng  the  geometry  of  the  fabric 
in  the  deformed  state.  Equations  (6)  -  (13),  reduce  to  the  six  expressions  given 
below;  Equations  (8)  and  (9)  reduce  to  Equation  (61);  Equation  (11)  reduces  to 
Equation  (62)  after  substitution  of  Equation  (19)  with  A  -  0  and  B  =  pE-Ay  cos^  Sg 
(see  Equation  (20));  Equation  (12)  reduces  to  Equation  (63)  in  a  similar  manner 
(see  Equation  (21)) 
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As  for  the  previous  cases,  the  fractional  fabric  extensions  in  the  warp  and  filling 
directions  are  given  by  Equations  (39)  and  (40),  respectively. 

Equations  (33)  -  (34),  (59)  -  (64)  and  (39)  -  (40)  were  solved  for  NjR  -  0.  240 
0.2C0  0.150,  0.100,  0.  050;  R  =  0.  010,  0.005  inch;  9S  =  10°,  25°,  35°;  E{=  ’.xl05, 
1x10,  10  x  10^,  30  x  10^  Ibs/square  inch  and  various  combinations  of  applied 
loads  crw  and  from  10  to  3000  lbs/inch  width  of  fabric.  The  results  of  these 
computations  are  presented  in  Figures  21  through  27. 
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FIGURE  21  FABRIC  EXTENSION:  LINEARLY  ELASTIC  YARN  U’*0), 
INITIALLY  SQUARE  FABRIC,  <rw  /a>  =  2 . 
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FIGURE  23  FABRIC  EXTENSION:  LINEARLY  ELASTIC  YARN  (k=0) 
INITIALLY  SQUARE  FABRIC ,  <rw  /crf  =  10 


FIGURE  25.  FABRIC  EXTENSION:  LINEARLY  ELASTIC  YARN  U*0), 
INITIALLY  SQUARE  FABRIC ,  N,R«  0.240. 
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FIGURE  26  FABRIC  POISSON’S  RATIO  LINEARLY  ELASTIC  YARN 
INITIALLY  SQUARE  FABRIC ,  NtR  =  0050 


FIGURE  27  FABRIC  POISSON’S  RATIO.  LINEARLY  ELASTIC  YARN  (v  =  0) , 
INITIALLY  SQUARE  FABRIC ,  N,R=*0  240. 


The  fabric  load-extension  diagrams  for  the  warp  and  filling  directions  are 
given  in  Figure  21  for  the  various  NjR  values  and  a  loading  ratio  =  2 

Both  sets  of  diagrams  are  plotted  as  a  function  of  the  load  applied  in  the  warp 
direction.  Figure  22  gives  similar  load-extension  diagrams  for  j  r  5  and 
Figure  23.  for  CTw/3f  s  10.  All  the  filling  load-extension  diagrams  are  termi¬ 
nated  at  the  point  corresponding  to  50%  extension  in  the  warp  direction. 

The  analytical  results  were  examined  to  check  that  none  of  the  solutions 
gave  a  physically  impossible  fabric  deformation,  i.  e.  ,  a  deformation  that  violated 
the  second  and  third  types  of  limiting  geometries  discussed  previously.  was 

found  to  be  less  than  2{R££  *  f*2w^  ®2f  on*y  over  a  narrow  range  of  the  loading 
parameter  a /p(N  j  RJE^'^R  cos^  5S  when  NjR  =  0.24  and  7^/7,-  =  10.  The  corre¬ 
sponding  portions  of  the  N  j  R  =  0.  240  curves  >n  Figure  23  and  the  7,  /7f  =  10  cur\e 
in  Figures  25  and  27  are  therefore  dotted.-  Although  the  actual  deformations  must 
be  less  than  that  predicted  by  the  dotted  curses,  the  difference  is  probably  small. 

No  solutions  were  found  where  contact  between  adjacent  v.arp  yarns  was 

indicated,  i.  e.  ,  where  1/N_  <  2R^ 

Zw  2w 

As  shown  in  Figures  21  through  23,  the  fabric  load -extension  curses  appear 
to  intersect  the  zero-load  axes  at  finite  strain*.  The  strain  values  at  these 
apparent  intercepts  are  the  same  as  those  given  for  init.ally  square  fabrics 
woven  from  inextensible  yarn  at  the  corresponding  loading  ratios  (see  Figures 
7  and  8). 

As  for  the  -  1  case,  the  magnitude  of  the  fabric  extension  in  the  warp 

dir-ction  increases  with  increasing  applied  load,  decreasing  yarn  radius,  de¬ 
creasing  yarn  modulus,  increasing  yarn  twist  and  decreasing  number  of  yarns 
per  unit  width  of  fabric.. 

The  fabric  contracts  in  the  filling  direction  at  low  levels  of  applied  loads., 
the  contraction  is  greater  at  the  higher  loading  ratios.  However,  the  fabric 
extends  from  the  contracted  state  as  the  applied  load  is  increased..  The  level 
of  load  that  must  be  applied  in  the  warp  direction  to  eliminate  the  filling  contrac¬ 
tion  increases  with  increasing  loading  ratio.  For  a  given  applied  load  and  load¬ 
ing  ratio,  the  magnitude  of  the  fabric  extension  in  the  warp  direction  is  consid¬ 
erably  greater  than  the  extension  (or  contraction)  in  the  filling  direction;  the 
difference  increases  with  increasing  loading  ratio. 

The  fabric  load-extension  diagrams  are  replotted  in  Figures  24  and  25  as 
a  function  of  loading  ratio  for  the  largest  and  smallest  values  of  N.R  As  shown 
in  Figure  24,  for  NjR  -  0.  050  the  fabric  extension  in  the  warp  direction  is 
approximately  the  same  for  all  loading  ratios  at  low  load  levels  and  at  any  given 
level  of  applied  load  increases  with  decreasing  loading  ratio,  the  loading  ratio 
7w/cij.  =  1  gives  the  greatest  fabric  extension.  The  latter  evidently  is  the  re¬ 
sult  of  the  greater  filling  extension  that  occurs  when  the  load  applied  in  the 
filling  direction  approaches  that  applied  in  the  warp  direction..  Increased  filling 
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yarn  extension  permits  a  decrease  in  filling  yarn  crimp,  and,  consequently, 
through  the  balance  of  the  vertical  components  of  the  forces  in  the  -wo  ortho¬ 
gonal  systems  of  ya»ns,  a  decrease  in  warp  yarn  crimp,  thereby  permitting 
increased  fabric  extension  in  the  warp  direction. 

As  shown  in  Figucr  25,  for  NjR  -  0.  240  the  initial  '  instantaneous”  fabric 
extension  in  the  warp  direction  increases  with  increasing  loading  ratio,  How¬ 
ever,  the  extension  at  the  lower  loading  ratios  increases  at  a  faster  rate  with 
increasing  applied  load.  As  shown,  the  load-extens’on  curves  intersect  -  at  a 
warp  extension  of  about  21%.  At  load  levels  resulting  sn  extensions  greater 
than  21%,  the  extension  is  larger  in  the  warp  direction  for  the  lower  loading 
ratios,  as  found  for  the  N,R  r  0.050  case  at  all  extensions  (see  Figure  24).  The  fabric 

behavior  in  the  filling  direction  for  N.R  =  0.240  is  similar  to  that  for  N,  R  -  0.  050. 

1  1 

The  effective  fabric  Poisson's  ratio,  u,  is  given  in  Figure  26  as  a  func¬ 
tion  of  the  dimensionless  loading  parameter  Ctw/o(N'j  RJE^R  cos^  for 
various  loading  ratios  and  NjR  =  0.  050,  and  in  Figure  27  for  NjR  =  0.  240, 

The  curves  have  been  terminated  at  a  fabric  warp  extension  of  about  50%.  For 
a  loading  ratio  of  one.  y  -  -1  at  all  loads.  For  i  2  the  Poisson's  ratio 

is  positive  and  greater  than  one  at  small  values  of  the  loading  parameter, 
decreases  with  increasing  values  of  the  parameter  becoming  negative  over  a 
large  portion  of  the  load-parameter  range;  u  increases  positively  with  in¬ 
creasing  loading  ratio.  A  comparison  of  the  curves  in  Figures  26  and  27 
shows  that  u  is  slightly  larger  thf  oughout  the  load-parameter  range  for 
NjR  =  0.  240  than  for  Nj R  -  0  050. 

Square  Fabric,  Extensible  Yarn  (Elasto-Plastic,  v  =  0),  O^la^  -  1 


As  noted  in  the  previous  case,  for  an  initially  square,  plain-weave  fabric 
with  the  same  infinitely  flexible  yarn  in  both  the  warp  and  filling,  the  equations 
describing  the  geometry  of  the  fabric  in  the  unloaded  state  reduce  to  the 
expressions  given  in  Equations  (33)  and  (34)  (with  L  s  Lj).  In  addition,  also 
as  in  a  previous  case,  if  constant- radius  yarn  extension  and  a  loading  ratio 
of  one,  7w/ctf  -  1,  are  assumed 
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It  is  further  assumed  that  the  yarns  in  the  fabric  are  twisted  from  elasto- 
plastic  fibers  -  fibers  which  are  linearly-elastic.  before  the  yield  ar.d  exhibit 
linear  work-hardening  beyond  the  yield. 
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The  equations  describing  the  geometry  of  the  fabric  ir.  the  deformed  state 

are,  therefore,  Equations  (65)  and  (66)  which  are  identical  *o  Equations  (46) 

and  (47)  and  Equation  (67)  which  is  derived  from  Equation  (11)  or  (12)  after 

substitution  of  Equation  (19)withA  rpe*:(Ef-'s)Av{l  -  1/2  tan^  )  and 

B  -  pa  A  cos^  6  . 

y  * 


—  =:L2/R-45?:  co,  ?2-4„„  e2 


2  =  :  L2/R  -  4?2J  sm  6  ,  -  4(1  -  cos  =£)  (66) 

^  f  L  ,  R 

cr  =  N  R  pj  €  *  (E  -  a)  *»R(1  -  1/2  tan  s  )  -  -j  -r.  cos  e  (  - — 7—  -  1  )  cos  $  (6?) 

2  !_  f  f  s  s\Lj/R/_  2 

The  fabric  extensions  in  the  warp  and  filling  dir-  ctions  ere  equal,  e.  =  c  .  and 
are  given  by  either  Equation  (38)  or  (40).: 

Equations  (33),  (34),  (65)  -  (67)  and  (39)  were  solved  for  R  -  0..  010,  G.  005 
inch;  9a  =  0*.  25  °,  35  0 ;  Ef  =  1  x  1 06  psi  with  ef  =  0.  015  and  1  =  8  x  104  psi,. 

Ef  -  30  x  106  psi  with  e*  -  0.  005  and  2  -  3  x  10^  psi,  and  a  series  of  values  of 
•j  from  10  to  1200  lbs/inch  width  of  fabric.  Howe-er.  only  those  solutions 
obtained  which  result  in  yielding  of  some  port  on  of  the  yarn  cross-section  are 
valid.  The  fabric  extension  at  loads  below  which  this  occurs  is  the  same  as 
for  the  case  of  a  square  fabric  woven  from  linearly  elastic  yarns  (_  -  0,  1 )- 

The  combination  of  initial  modulus  Ef  -  1  x  10^  psi,  yield  strain  cj  -  0.  015. 
and  post-yield  mosulus  2  :  8  x  10^  psi  approximate  the  properties  of  some 
polymeriCgfibers.  Similarly  the  properties  Ef  -  30  x  10^  psi,  Sf  r  0.  095  and 
2  -3x10  psi  approximate  the  propeities  of  some  metallic  fibers.- 

The  results  of  the  computations  are  presented  in  Figures  28  and  29.  (The 
data  given  in  Figure  16  was  used  in  constructing  the  initial  portions  of  the  load- 
extension  curves.  )  The  fabric  extension  increases  only  slightly  with  increasing 
values  of  the  loading  parameter  up  to  7/'p(Nj  R)  Ef  "rR  cos^  9S  -  0..  012  -  0.  017  in 
one  case  and  0.  0041  -  0.0054  in  the  other,  but  increases  rapidly  with  i.-icreasmg 
values  of  the  loading  parameter  beyond  these  points.  This  latter  large  increase 
in  fabric  extension  with  increasing  load  is  the  result  of  the  yarn  having  yielded.: 

A  comparison  cf  the  data  given  in  Figures  28  and  29  to  that  given  in  Figure  io 
for  a  fabric  woven  from  yarns  composed  of  linearly  elastic  fibers  that  do  not 
yield  shows  that  yielding  results  in  considerably  higher  fabric  extensions  after 
a  certain  minimum  load  has  been  exceeded. 
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FIGURE  28.  FABRIC  EXTENSION;  ELASTO- PLASTIC  YARN 

(Ef  *  I  w.  IQ*  p«i ,  c*  *  O.OI5,  a  *  8  X  I04  p«i,  v  =  0) 
SQUARE  FABRIC,  <r  /<r4 '  ! . 
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FIGURE  29  FABRIC  EXTENSION:  EL  ASTO  -  PLASTIC  YARN 

(Ef  *  30  X  I06  psi,  «*  =0.005,  a  *  3  X  I05  psi,  v  = 
SQUARE  FABRIC  ,  c /a;  =  I . 


EXPERIMENTAL  PROCEDURE 


A  test  instrument  for  determining  the  stress- strain  response  of  fabrics 
under  two-dimensional  loading  is  not  commercially  available.  However,  sev¬ 
eral  organizations  have  built  suitable  testers  of  this  type  for  then  use. 

The  experimental  results  reported  herein  were  obtained  with  a  biaxial  tensile 
tester  built  by  the  MRD  Division  of  General  American  Transportation  Corp. 
under  contract  to  the  Air  Force  Materials  Laboratory^*  and  loaned  to  FRL®. 

An  overall  photograph  of  the  instrument  is  shown  in  Figure  30.  It  uses  a  cruci¬ 
form  test  specimen  (see  Figure  31).  Specimens  with  tails  up  to  4  inches  wide 
can  be  accommodated,  giving  a  4-inch  by  4-inch  biaxially  loaded  region  at  the 
center  of  the  specimens,  the  center  2-inch  by  2-incn  portion  of  which  is  under 
uniform  biaxial  stress. 

The  tails  of  the  test  specimens  are  gripped  in  capstan-type  jaws  which  are 
free  to  rotate  about  an  axis  perpendicular  to  the  plane  of  the  test  specimen  to 
permit  shear  deformations.  Care  was  taken  in  mounting  test  specimens  to 
insure  that  the  central  region  was  not  distorted  and  that  all  yarns  shared  the 
applied  loads  equally.  The  tail  length,  i.e._ ,  the  initial  distance  from  the  edge 
of  the  4-inch  by  4-inch  biaxially  loaded  region  to  the  jaws,  is  approximately 
5- 1 /2  inches. 

The  separate  loads  applied  to  the  jaws  are  gathered  to  a  single  point  by  a 
series  of  variable-length  lever  arms  (see  Figure  30);  the  load  is  applied  at 
this  point  by  a  hydraulic  cylinder.  The  ratio  of  the  loads  applied  along  the 
two  major  axes  of  the  cruciform  is  maintained  constant  throughout  the  test; 
loading  ratios  of  1:0,  i :  1 ,  2:1,  3:1,  5:1,  and  10:1  can  be  achieved. 

The  total  load  level  is  increased  by  pumping  the  hydraulic  cylinder 
manually.  For  the  work  reported  herein,  total  load  increments  of  25  (or  50  lbs) 
were  used.  Using  test  specimens  with  4-inch  wide  tails  and  a  1:1  loading  ratio, 
this  means  load  increments  of  about  1-1/2  to  3  lbs  per  inch  of  test  specimen 
w.dth.  The  total  applied  load  is  measured  with  a  tensile  model.  1000-lb 
capacity,  Dillon  mechanical  force  gauge.  The  gauge  was  checked  in  an  Instron 
and  against  a  dynamometer..  The  agreement  was  within  the  precision  with 
which  readings  can  be  made  from  the  gauge. 

The  response  of  the  fabric  is  recorded  photographically,  and  the  fabric 
extension  determined  by  measuring  the  displacement  of  lines  previously  inscribed 
on  the  fabric  (see  Figure  32).  A  35-mm  Leica  camera  with  a  3.  5  Elmar  lens  and 
extension  tube  and  a  very  fine-grain  film  v/ere  used.  The  test  specimens  were 
illuminated  with  a  circular  fluorescent  tube  through  the  center  of  which  the  camera 
lens  was  focused  (see  Figure  30). 

A  2-inch  by  2-inch  square  was  inscribed  at  the  center  of  each  test  specimen 
prior  to  its  being  mounted  in  the  tester.  The  lines  were  drawn  on  the  fabric 
with  ink  using  a  very  fine  brush.  A  color  was  used  which  contrasted  with  the 
color  of  the  fabric  in  an  effort  to  insure  sharp  photographs.  Each  line  followed  a 
single  yarn. 
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FIGURE  30 BIAXIAL  TENSILE  TESTER. 


FIGURE  31.  CRUCIFORM  TEST  SPECIMEN. 


original  location  of  inscribed  line 


I 


The  change  in  dimensions  of  the  2-inch  by  2-inch  inscribed  square  was 
measured  with  a  steel  rule  after  projecting  the  film  in  a  microfilm  reader.; 
(This  gives  a  magnification  of  about  3.  5X.  )  Two  readings  were  taken  from 
each  frame  of  the  film  in  both  of  the  principal  directions.  These  readings 
were  made  about  one  inch  in  from  the  edge  of  the  projected  square.  The 
distance  between  opposite  pairs  of  the  projected  lines  was  measured  approx¬ 
imately  to  the  nearest  0.  01  inch.  Each  pair  of  readings  taken  from  each 
frame  of  the  film  were  averaged.  They  usually  agreed  within  0.  0?  -  0.  03  inch. 


EXPERIMENTAL  RESULTS  ON  MODEL  FABRICS 

The  theoretical  and  experimental  biaxial  stress-strain  response  of  two 
monofilament  screen  fabrics  are  compared  in  Figures  33  through  38.  The 
constructions  of  the  fabrics  are  given  in  Table  1.  Both  are  plain  weave 
woven  from  saran  monofilaments  with  the  aame  monofilament  in  both  the  warp 
and  filling  directions.  The  filament  diameters  given  in  Table  1  are  the  aver¬ 
age  of  many  measurements  made  with  a  fiber  projection  microscope  at  a 
magnification  of  500X. 

The  uniaxial  tensile  properties  of  the  fabrics  are  given  in  Table  2,  The 
data  was  obtained  on  an  Instron  using  one-inch  wide,  ravelled-strip  test 
specimens,  a  5-inch  gauge  length  and  0.  5-inch  per  minute  jaw  speed.. 

The  average  crimp  in  the  filaments  in  both  fabrics  was  also  measured 
using  the  fiber  projection  microscope..  Both  the  warp  and  filling  in  the  gray 
saran  fabric  exhibit  the  same  amount  of  crimp,  about  2-1/2%.,  However,  the 
w,  rp  filaments  in  the  undyed  saran  fabric  exhibit  about  5-1/2%  crimp  and 
the  filling  2-3/4%  crimp.  Additionally,  as  shown  in  Table  i,  both  fabrics  have 
roughly  the  same  number  of  monofilaments  per  unit  width  in  the  warp  and 
filling  directions  —  the  difference  is  less  than  1.1 /2%  of  the  average  of  the  two 
values..  Therefore,  both  fabrics  are  approximately  square,  although  the  gray 
saran  fabric  is  closer  to  being  perfectly  square. 

The  theore'ical  curves  in  Figures  33  through  38  are  for  the  NjR  values 
which  are  the  averages  of  the  warp  and  filling  NjR  values  calculated  for  the 
particular  fabric  being  considered;  NjR  -  0.  127  for  the  gray  saran  fabric  and 
0.  165  for  the  undyed  saran  fabric.  The  theoretical  NjR  =  0.  125  curves  given 
in  Figures  16,  21  and  22  were  assumed  insignificantly  different  from  the 
theoretical  curves  for  NjR  =  0.  127  and  are,  therefore,  reproduced  in  Figures 
33,  34,  and  35,  repsectively.  The  NjR  =  0.  165  curves  in  Figures  36,  17.  and 
38  were  obtained  by  interpolating  between  the  0.  150  and  0.  200  curves  of 
Figures  1 6 ,  21,  and  22,  respectively. 
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FIGURE  33  BIAXIAL  LOAD  -  E X T ENSION  RESPONSE  OF  GRAY 
SARAN  FABRIC  AT  cr_  /at  =  I 


FIGURE  34  BIAXIAL  LOAD  -  EXTENSION  RESPONSE  OF  GRAY 
SARAN  FABRIC  AT  <V<rf=2 
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FIGURE  35  BIAXIAL  LOAD  -  EXTENSION  RESPONSE  OF  GRAY  SARAN 
FABRIC  AT  cr„  /cc  =5:1  a  1:5 
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FIGURE  37.  BIAXIAL  LOAD  -  EXTENSION  RESPONSE  OF  UNDYED  SARAN 
FABRIC  AT  crw  /crf  =  2  . 
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TABLE  1 

FABRIC  CONSTRUCTION 


Yarn 

Picks 

Diameter 

per 

Fabric 

(mils) 

Weave 

Inch 

Gray 

Saran 

12.  4 

plain 

21 

Undyed 

Saran 

10.2 

plain 

33-1/4 

Ends 

per 

Weight 

Yarn  C rimp 

D 

Inc  h 

(or/sq  yd) 

Warp 

FilLng 

20 

6  2 

2-1/2 

2-1/2 

31-1/2 

7.  C 

5-1/2 

2-3/4 

TABLE  2 

FABRIC  UNIAXIAL  TENSILE  PROPERTIES 


Rupture  Elongation 
(%) 

Rupture 
(lbs  /inch 

Load 

width) 

Fabric 

Warp 

Filling 

Warp 

Filling 

Gray 

Saran 

18.  7 

i  9.  9 

58.  7 

61.  0 

Undyed 

Sa  ran 

24,0 

25..  9 

68.  2 

71,0 

74 


For  N  j  R  -  0.  125,  Sj  •»  1 5  ',  i.  e.  ,  the  warp  and  filling  yarns  in  the  gray 
sarari  fabric  are  at  an  angle  of  about  15"  to  the  plane  of  the  fabric  at  the  mid¬ 
point  between  yarn  crossovers  prior  to  loading.  Similarly,  for  Nj  R  -  0.  165, 
i.  e.  ,  the  undyed  saran  fabric,  6j  *»20c.  I  he  characteristic  tensile  moduli 
of  the  monofilaments  from  which  the  fabrics  were  woven  were  determined  by 
tensile  testing  filaments  ravelled  from  the  fabrics  A  5-inch  gauge  length 
and  a  5 -inch  per  minute  jaw  speed  were  used.  In  determining  the  moduli 
from  the  slope  of  the  linear  portion  of  the  load-elongation  diagrams,  (the  load- 
extension  diagrams  of  the  monofilaments  were  approximately  linear  from 
initiation  of  load  to  failure)  the  test- spec imen  gauge  length  was  taken  as  ore 
plus  the  fractional  crimp  times  the  sum  of  the  initial  distance  between  jaws 
plus  the  jaw  displacement  to  the  point  where  a  load  buildup  was  first  indicated. 
This  procedure  gave  a  modulus  of  1  75,  000  psi  for  the  12.  4-mil  diameter 
monofilaments  in  the  gray  saran  fabric  and  145,  000  psi  for  the  10.  2-mil 
diameter  monofilaments  in  the  undyed  saran  fabric..  These  moduli  values  were 
used  in  determining  the  appropriate  value  for  the  dimensionless  loading  param¬ 
eter  for  each  experimental  point  plotted. 

The  test  instrument  and  experimental  procedure  described  in  the  previous 
section  were  used  in  determining  the  stress-strain  response  of  the  two  fabrics 
under  biaxial  loading.  Cruciform  test  specimens  with  nominal  4-inch  wide 
tails  were  used.  Instead  of  ravelling  the  tails  exactly  to  a  4-inch  width,  they 
were  ravelled  to  a  specific  number  of  ends.  Each  tail  of  the  gray  saran  fabric 
test  specimens  contained  80  ends  and  each  tail  of  the  undyed  saran  fabric  test 
specimens,  126  ends. 

Considerable  c.  re  was  taken  in  mounting  every  test  specimen  in  the  jaws 
to  ensu.~  t!'_ t  distortion  during  loading  in  the  central,  biaxiallv  stressed  sec¬ 
tion  of  the  specimen  would  be  minimized.  This  was  particularly  difficult  with 
the  undved  saran  fabric  because  the  filling  was  bow>ed.  The  monofilaments  in 
the  filling  of  the  gray  saran  fabric  were  paratlel  to  each  other  and  also 
perpendicular  to  the  warp  yarns,  throughout  the  fabric.. 

The  fabrics  were  tested  at  ratios  of  the  load  applied  in  the  warp  direction 
to  the  load  applied  in  the  filling  direction  of  1:1,  2:1,  5.1,  and  1:5,  Three  tests 
were  made  on  both  fabrics  at  the  l'l  ratio:  two  on  both  at  the  2.1  ratio;  two  on 
the  gray  saian  and  four  on  the  undyed  saran  ai  5  1 ;  two  on  the  gray  saran  and 
one  on  the  undyed  saran  at  15.  The  measured  fabric  strains  are  given  in 
Figures  13  through  38  as  a  functicr  of  the  dimensionless  loading  parameter, 
o  /(NjR)  Ef~R.  Each  point  plotted  is  the  average  of  the  several  tests  made  at 
that  value  of  the  loading  ratio  and  loading  parameter.  The  individual  test 
results  agreed  within  5 %  of  their  average. 

The  last  experimental  points  in  Figures  33  through  38,  the  points  at  the 
highest  strain,  were  recorded  in  most  instances  at  the  last  load  increment 
before  the  test  specimen  failed.  However,  this  load  level  cannot  be  consid¬ 
ered  the  true  breaking  strength  of  the  fabric  under  biaxial  loading.  Stress 
concentrations  occur  where  the  tails  join  the  biaxially  stressed  central  portion 
of  the  cruciform  test  specimens  and  cause  premature  failure. 


A*  shown  in  Figures  33  through  38,  the  experiment?!  points  are  in  reason¬ 
able  agreement  with  the  theoretical  curves.  The  difference  between  the  pre¬ 
dicted  and  measured  values  of  warp  and  filling  strains  for  the  gray  saran  fabric 
at  the  1:1  loading  ratio  is  small  at  all  levels  of  strain  -  about  5%  (one  hundred 
times  the  predicted  strain  minus  the  measured  strain  at  the  same  load  divided 
by  the  measured  strain)  in  the  warp  direction  and  <  1%  in  the  filling  direction 
at  10%  measured  strain  (see  Figure  33). 

At  the  2-1  loading  ratio  the  difference  between  the  predicted  and  measured 
strains  in  the  warp  direction  is  about  2%  at  9%  strain..  However,  as  shown  in 
Figure  34,  the  percent  difference  becomes  large  at  low  loads.  At  the  load  level 
where  the  measured  strain  in  the  warp  direction  is  1.  75%,  the  predicted  strain 
is  2.7%.  As  also  shown  in  Figure  34,  the  difference  between  the  predicted  and 
measured  strains  in  the  filling  direction  is  considerable  at  all  loads;  when  the 
measured  filling  strain  is  *0.55%, that  predicted  is  -T.5%,  when  the  measured 
strain  is  4.  9%,  that  predicted  is  3%. 

At  the  5:1  loading  ratio  the  difference  between  the  predicted  and  measured 
strains  in  the  warp  direction  is  about  6%  at  12%  strain.  However,  as  at  the  2  1 
loading  ratio,  the  difference  becomes  large  at  low  load  levels,  the  difference 
between  the  measured  and  predicted  strains  in  the  filling  direction  is  also  large 
throughout  the  test  load  range.; 

As  indicated  in  Figure  35,  the  gray  saran  fabric  was  tested  at  both  5:1  and 
1:5  loading  ratios.  Approximately  the  same  results  were  obtained  at  both  load¬ 
ing  ratios,  further  indicating  that  the  fabric  is  square. 

T.ie  difference  between  the  predicted  and  measured  values  of  strain  for  the 
undyed  saran  fabric  at  the  1:1  loading  ratio  is  17%  in  the  warp  direction  and  9% 
in  the  filling  direction  at  9%  measured  strain.  As  shown  in  Figure  36,  the  dif¬ 
ference  becomes  less  at  lower  loads. 

Similarly,  the  difference  between  the  predicted  and  measured  strains  in 
the  warp  direction  at  the  2:1  loading  ratio  is  about  22%  at  10%  strain.;  However, 
the  percent  difference  becomes  larger  at  lower  load  levels  (see  Figure  37). 

When  the  measured  strain  is  3%,  that  predicted  is  4.  8%.  Additionally,  as  for 
the  gray  saran  fabric,  the  difference  between  the  predicted  and  measured  strains 
in  the  filling  direction  is  quite  large  at  all  load  levels,  when  the  measured  strain 
is  +  1%,  that  predicted  is  -1.  6%,  when  the  measured  strain  is  ,'<r  'hat  predicted 
is  5.; 4%. 

At  the  5:1  loading  ratio  the  difference  between  theory  and  experiment  is 
large;  a  difference  of  32%  at  a  warp  strain  of  14%.  Also,  as  at  the  2:1  loading 
ratio,  the  difference  becomes  larger  at  lower  loads  and  the  difference  in  the 
filling  direction  is  large  throughout  the  load  range. 

Results  are  also  given  in  Figure  38  for  a  single  test  run  at  a  1  5  loading 
ratio.  As  shown,  these  results  agree  reasonably  weli  with  those  at  5.1., 
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The  differences  between  the  predicted  and  experimentally  r.  easured  results 
may  be  attributed  to  the  deviation  of  the  fabric  geometries,  monofilament  prop¬ 
erties  and  fabric  deformations  from  those  assumed  in  the  analysis.  Discussion 
of  some  of  these  deviations  follows.  However,  the  quant-tative  effect  of  various 
possible  causes  of  the  differences  is  difficult  to  estima  >, 

The  theoretical  analysis  on  which  the  predicted  fabric  response  is  based 
assumes  perfectly  square  abrics.  As  noted  above, :  the  fabrics  do  not  have 
exactly  the  same  number  of  picks  per  inch  as  ends  per  inch..  However,  the 
differences  are  small  and  this  probably  does  not  contribute  significantly  to  the 
variance  between  theory  and  experiment.  The  assumption  of  an  initially  square 
fabric  not  only  assumes  the  same  number  of  yarns  in  both  directions  but  also  the 
same  degree  of  crimp  in  both  sets  of  yarns..  Although  the  warp  and  filling 
monofilaments  of  the  gray  saran  fabric  have  roughly  the  same  crimp,  the 
crimp  in  the  warp  filaments  of  the  undyed  saran  fabric  iB  twice  that  in  the  filling 
yarns.  Tms  is  probably  one  of  the  reasons  that  agreement  between  theory  and 
experiment  is  not  as  good  with  the  undyed  saran  fabric  as  with  the  gray  saran 
fabric. 

Another  possible  reason  that  the  experimental  results  obtained  using  the 
undyed  saran  fabric  do  net  better  agree  with  the  theoretically  predicted  results 
is  that  the  filling  yarn  in  the  fabric  is  moderately  bowed.  This  undoubtedly 
affects  the  response  of  the  fabric  under  biaxiai  loading. 

Examination  of  filaments  removed  from  both  fabrics  under  the  microscope 
reveals  some  perm  .ent  flattening  of  the  fi'aments  at  yarn  cross-overs..  This 
flattening  is  considerably  more  severe  in  the  undyed  saran  fabric  and,  undoubt¬ 
edly,  also  affects  the  response  of  the  fabiic. 

The  procedure  used  *o  arrive  at  a  value  for  the  tensile  modulus  of  the 
monofilaments  from  which  the  fabrics  are  woven  has  several  shortcomings- 
The  monofilaments  are  permanently  defoi  -  d  —  crimped  -  during  weaving;  when 
removed  from  the  fabrics  they  maintain  this  crimped  configuration.-  Further¬ 
more,  careful  observation  of  the  filament  response  during  tensile  testing  indi¬ 
cates  that  some  filament  axial  extension  probably  takes  place  before  all  the 
crimp  is  removed.  As  noted  previously,  the  axial  length  of  the  test  speci¬ 
men  was  taken  as  the  test  gauge-length,  not  the  shorter  distance  between  jaws. 
This  results  in  a  larger  measur;d  modulus..  However,  if 

some  of  the  filament  crimp  is  removed  as  the  filament  extends,  the  measured 
modulus  will  be  smaller  than  the  true  value;  additionally,  the  magnitude  of  the 
effect  of  the  latter  on  the  measured  modulus  is  considerably  larger  than  the 
former.  Therefore,  the  true  tensile  moduli  of  the  monofilaments  might  be  some¬ 
what  greater  than  the  values  used  in  plotting  the  experimental  data  in  Figures  33 
through  38.  A  larger  value  of  filament  modulus  would  decrease  the  difference 
between  theory  and  experiment  in  the  warp  direction  an  ’  increase  the  difference 
in  the  filling  direction. 
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CONCLUSION 


The  foregoing  investigation  shows  that  the  stress-strain  response  of 
monofilament  screens  under  two-dimensional  loading  can  be  predicted  with 
reasonable  accuracy  when  the  effects  of  yarn  extension  are  included.  How¬ 
ever,  as  noted,  the  divergence  between  theory  and  experiment  becomes  quite 
large  at  low  levels  of  applied  load  when  the  loading  ratio  is  greater  than  one. 

This  is  because  the  load-deformation  behavior  of  monofilament  screen  fabrics 
at  lew  to  moderate  loads  -  in  the  c  r imp-inte  rc hange  region  —  is  strongly 
dependent  on  yarn  bending  rigidity,  which  was  not  considered  in  the  analysis.. 

It  is  anticipated  that  the  agreement  between  theory  and  experiment  for  fabrics 
woven  from  multifilament  yarns  would  be  better  because  of  the  inherently 
lower  bending  rigidity  of  multifilament  yarns. 

As  a  first  step  in  incorporating  ya rn  rigidity  into  an  analysis  of  fabrics,  a 
theoretical  analysis  of  the  load-deformation  behavior  of  a  twisted  multifilament 
crimped  yarn  should  be  developed.  Such  an  analysis  would  be  an  extension  of 
the  work  done  by  Chicurel^  on  monofilaments  and  Platt^^  on  twisted  multi¬ 
filament  yarns.  The  effects  of  yarn  twist  and  filament  plastic  flow  could  be 
included  Although  perfect  translation  of  yam  proper  s  into  fabric  properties 
is  not  to  be  expected,  past  experience  has  shown  that  a  thorough  understanding 
of  fabric  properties  requires  a  knowledge  of  the  influence  of  yarn  structure  and 
filament  properties  on  yarn  properties. 

The  load-deformation  behavior  of  a  fabric  woven  from  multifilament  yarn 
is  also  influenced  by  yarn  flattening.  Low-twist  multifilament  yarns  will  flat¬ 
ten  more  easily  than  high-twist  yarns.  The  occurrence  yarn  flattening  during 
fabric  extension  will  result  in  a  decrease  in  the  slope  of  the  fabric  load-elongation 
diagram. 

Since  the  extension  of  a  fabric  is  mainly  dependent  on  the  thickness,  per¬ 
pendicular  to  the  fabric  plane,  of  the  yarns  from  which  it  is  woven,  the  effects 
of  yarn  flattening  might  be  included  in  the  load-deformation  analysis  of  a  fabric 
by  utilizir.g  a  yarn  radius  that  is  a  function  of  the  normal  force  on  the  yarns  at 
yarn  crossovers,  i.  e, ,  R  -  R(Py  sin  “2).  The  explicit  expression  for  the 
dependence  of  yarn  radius  on  normal  pressure  would  probably  nave  to  be 
determined  experimentally. 

Fabric  deformation  is  further  affected  by  yarn  twist  magnitude  and  direction 
because  of  the  bedding  (nesting)  tendency  at  yarn  intersections  of  the  surface  fila¬ 
ments  of  the  yarns.  Such  bedding  serves  both  to  increase  the  surface  of  contact 
between  the  two  yarn  systems,  warp  and  filling,  and  also  to  partially  lock  the 
yarn  intersections  at  their  points  of  contact.  Therefore,  nesting  restricts  yarn 
movement  and  may  increase  the  slope  of  the  fabric  load-elongation  diagram. 

For  parallel  nesting  of  the  contact  filaments  at  yarn  crossovers  the  local 
helix  angle  must  be  approximately  45°..  Although  straight  yarn  helix  angles  do 
r.ot  usually  approach  45°,  the  local  helix  angle  of  the  yarn  at  yarn  crossovers 
can  approach  the  required  45°  due  to  the  geometry  of  a  bent  yarn,  even  for 
conventional  yarn  twists. 
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For  sophisticated  fabric  applications,  the  design  engineer  must  be  able 
to  predict  not  only  the  load-deformation  behavior  of  a  fabric  but  also  the 
ultimate  strength  of  the  fabric.  That  is,  a  rupture  criteria  for  biaxially 
stressed  fabrics  must  be  formulated,  A  rough  approximation  of  the  ultimate 
strength,  c.  of  a  fabric  stressed  uniaxially  is  given  by  7  -  Nj  cos  tj  P 
where  Nj  is  the  number  of  yarns  per  unit  width;  *1  is  the  angle  between  the 
yarn  and  the  fabr;c  plane  at  the  midpoint  between  yarn  crossovers,  and  P 
is  the  strength  of  the  yarn..  However,  a  rupture  criteria  for  a  biaxially 
stressed  fabric  will  undoubtedly  be  more  complex  than  this. 

The  response  of  biaxially  stressed  coated  fabrics  should  also  be  inves¬ 
tigated.  However,  it  is  anticipated  that  it  would  be  difficult  to  obtain  quanti¬ 
tative  relationships.  The  response  of  coated  fabrics  is  dependent  on  the 
coating  modulus.  The  presence  of  the  coating  material  in  the  interstices 
between  yarns  increases  the  fabric  modulus  in  the  lou-load  region  and  de¬ 
creases  the  fabric  elongation  and  strength  at  rupture  compared  to  the  response 
of  the  same  fabric  when  coated.  ^ 
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APPENDIX  2 


EVALUATION  OF  GO VERNMENT- FURNISHED  <  i-\TED  FABRICS 


A  preliminary  evaluation  of  two  typical  ro.iti  d  fabrics  used  for  air- 
supported  tents  was  carried  out.  The  fabrics  supplied  by  the  U.  S.  Army 
Natick  Laboratories  were  a  vinyl-coated  nylon  (MIL-r  43086)  fabri*  and  a 
polyurethane-coatod  nylon  fabric.  The  vinyl-coated  l.ibn<~  weighs  about 
20-1/4  oz/sq  yd  and  the  polyurethane-coati'd  fabric  2-  9/10  oz/sq  yd.  ft  is 
our  understanding  that  these  two  fabrics  represent  approximately  the  rxtren..  « 
in  fabric  weight  and  strength  currently  of  interest  !»r  a i r- supported  tent  . •  t • ! • ! «- 
cations. 


The  uniaxial  tensile  properties  of  the  fabrics  in  i»n*h  the  warp  and  filling 
directions  are  given  in  Table  1.  Test  specimens  dmk.  d  one  inch  by  six  in. I..:; 
were  used.  The  specimens  were  tested  in  an  Instron  using  three -inch  vide 
flat  jaws  lined  with  masking  tape,  a  3-inch  gauge  length  and  2-im.h/min  i  .  \ 
speed.  As  the  data  in  Table  1  shows,  the  20-1/4  oz/'-q  yd  fabric  is  consi.N.  ■  *bly 
stronger  than  the  2-9/10  oz/sq  yd  fabric  and  exhibits  about  25%  less  elongation 
to  rupture  in  both  the  warp  and  filling  directions. 


Efforts  were  made  to  determine  the  biaxial  load-extension  response  of  both 
fabrics  using  the  biaxial  tester  and  procedures  described  in  Appendix 
1.  .  However,  since  the  filling  yarn  in  both  fabrics  is  bowed,  this  was  an 

impossible  task.  The  ex’ent  of  the  yarn  bow  in  the  20-1/4  oz/sq  yd  fabric,  is  so 
severe  that  when  cruciform  teat  specimens  are  cut,  there  are  no  through-going 
yarns,  i.  e.  ,  none  of  the  same  yarns  can  be  gripped  in  opposite  jaws. 


Cruciform  test  specimens  were  also  prepared  from  the  20-1/4  oz/sq  yd 
fabric  by  cutting  the  tails  parallel  to  the  yarns  in  the  fabric.  However,  when 
these  samples  were  mounted  in  the  tester,  the  central  section  became  so  dis¬ 
torted,  it  was  decided  that  any  test  results  that  might  be  obtained  would  be 
meaningless.  All  efforts  to  eliminate  fabric  distortion  in  the  center  section 
were  unsuccessful. 


Although  the  filling  yarn  in  the  2-9/10  oz/sq  yd  fabric  is  also  bowed,  the 
bowing  is  not  as  severe  as  in  the  20-1/4  oz/sq  yd  fabric  and  biaxial  tensile- 
test  results  were  obtained.  The  fabric  was  tested  under  ratios  of  loading  in 
the  two  orthogonal  directions  of  1:1,  2:1,  (i.  e.  ,  the  load  applied  in  the  warp 
direction  was  twice  that  applied  in  the  filling  direction  throughout  the  test), 
5:1  and  1:5.  Three  tests  were  made  at  the  1:1  loading;  two  at  2:1;  two  at  5:1; 
and  one  at  1:5.  The  results  of  these  tests  are  presented  graphically  in 
Figures  1  through  3.  The  results  from  the  uniaxial  tests  are  also  presented 
graphically  for  comparison  in  Figure  4.  The  load-elongation  diagrams  given 
in  these  Figures  are  the  average  of  the  test  results  obtained  at  each  loading 
ratio. 
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TABLE  1 


COATED  FABRIC  UNIAXIAL  TENSILE  PROPERTIES 


Rupture  Elongation 

{%)  _  ....  . 

Rupture 
(Ibs/mt  h 

Load 

w:d*h; 

Mate  rial 

Warp 

Filling 

Warp 

Fil_hr.j. 

Vinyl-Coated  Nylon 

28.  8 

49.  6 

430 

38- 

24.  9 

27.  7 

392 

U  «) 

25.  7 

29.  9* 

395 

3  7  > 

26.  9 

31  9' 

410 

425 

29.  6 

29.  8 

435 

A  >  ■» 

30.  9 

-If. 

28.  3 

4  1  ? 

A  verage 

27.  1 

29.  : 

412 

40  1 

Polyurethane-Coated  Nylon 

34.  3 

44.  1 

59.5 

32  • 

36.  8 

47.  6 

59.  5 

.  1 

-  *«  * 

41. 4 

45.  9 

62.  0 

5  3.  0 

39.  1 

40.  9 

60.  8 

30.  (. 

37.  1 

41.  3* 

60.4 

33.  0 

43.  4 

32.  ? 

Average 

37.  7 

43.  8 

60.  4 

• 

00 

*J aw  break. 
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COATED  NYLON  FABRIC  AT 
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(HiGIM  H0NI/S81)  GVO 1 


FIGURE  4.  UNIAXIAL  LOAD  -  EXTENSION  DIAGRAMS  FOR  2.9-OZ/SG  YD 
VINYL-COATED  NYLON  FABRIC 


An  effort  waa  made  to  take  the  teat  specimen-  •<»  r  v'  .re  Hov  «  v<  r.  d  ie 
to  the  high  extenaibility  of  the  fabric  in  the  filling  din  '.on.  in  tv.o  of  the  three 
teata  run  at  the  1:1  loading  ratio  and  the  one  test  r.,n  '  5.  the  av  -  reached 
their  maximum  extenaion  before  the  teat  specimens  ia.U.J  In  an  ’he  other 
teata  the  apecimena  failed,  one  tail  breaking  oft  suddenly  and  completely,  with 
the  exception  of  the  one  apecimen  that  failed  at  the  1  1  load.og  ratio  where 
two  taila  broke  at  the  same  time.. 

In  a  biaxial  tensile  teat  using  c ruciiorm-shaped  't  -t  spec  imcr.i  rupt  m 
usually  occurs  in  the  taila  immediately  adjacent  to  the  biaxially  atrt  ssed 
central  section  of  the  teat  specimen.:  As  pointed  out  m  *he  pre  vious  se<  '.or. 
such  tests  therefore  do  not  necessarily  give  a  good  indn  ation  oi  'tie  true  labric 
strength  under  biaxial  loading.  The  stress  com  pr.tra* .o:.s  tha'  oc  ur  at  'he 
corners  where  the  tails  join  the  biaxially  stressed  portion  of  *he  4c  si  >pe'.imen 
can  result  in  premature  failure  of  the  apecimen 

However,  when  testing  the  polyurethane-coated  nylon  labrn  it  is  interest¬ 
ing  to  compare  the  maximum  loads  observed  before  failure  a’  ‘lit  various  load 
ing  ratios  to  each  other  and  to  the  strength  of  the  fabne  under  .ruaxial  loading 
As  shown  in  Figures  1-3,  the  maximum  measured  load  m  the  warp  dire*  tio.i 
under  l  1  biaxial  loading  is  roughly  50%  of  the  uniaxial  break. ng  strength  oi  ’he 
fabric  in  the  warp  direction.  However,  this  maximum  load  increases  with  in¬ 
creasing  biaxial  loading  ratio.:  At  5:1  the  maximum  load  is  abo-i'  80%  oi  ’he 
uniaxial  fabric  strength.  The  maximum  measured  load  in.  the  filling  dire-  :, or. 
under  1:1  biaxial  loading  is  about  70%  of  the  uniaxial  breaking  s*rergth  oi  the 
fabric  in  the  filling  direction  and  this  maximum  load  decreases  with  increasing 
biaxial  loading  ratio.  At  5:1  the  maximum  load  is  about  50%  of  *he  tabru 
strength  uniaxially. 

As  shown  i:i  Figure  3,  the  response  of  the  2-9/10  oz/sq  yd  coated  fabr,  at 
a  leading  ratio  of  5:1  is  considerably  different  from  that  measured  at.  1.5  This 
indicates  that  the  construction  of  the  fabric  is  far  from  square. 

The  various  test  results  reported  abo\e  further  demonstrate  that  the  per¬ 
formance  specifications  of  the  new  biaxial  tester  to  be  designed  and  built  under 
this  program  are  more  than  adequate..  They  also  indicate  that  the  coated  fab¬ 
rics  currently  used  in  air-supported  tents  would  probably  exhibit  improved 
performance  if  the  filling  yarns  in  the  fabric  were  straight  and  perpendicular 
to  the  warp  yarns  rather  than  bowed.:  Since  such  fabrics  could  be  more 
meaningfully  tested,  structures  fabricated  from  them  would  be  more  ameanable 
to  accurate  design  procedures. 
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